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ABSTRACT
The lacl^ gene was cloned into an expression vector in 
order to provide more stringent control over gene 
expression. A new host strain required for experimental 
purposes was developed by PI transduction.
A method for the measurement of substrate affinity (Ks) 
for glucose was investigated. The method used a set of 
computer programs applied to batch culture data. The 
method did not show conclusively a difference in Ks 
between P"^  and P” cells, or for cells induced for 
different levels of plasmid gene product expression. 
Possible improvements in the method are discussed. A 
consistent reduction in maximum specific growth rate 
(jLimax^  values for cells with increasing product 
expression was demonstrated.
An unstructured unsegregated mathematical model was 
developed using Monod kinetics. The model was capable of 
accurate simulation of plasmid instability in chemostat 
culture. Such a model has not been used previously for 
accurate simulation of plasmid instability.
The Ks values of P"*" and P” cells were evaluated using 
mathematical modelling of chemostat experiments. Absolute 
values for substrate affinity were not determined but 
modelling demonstrated the existence of a substrate 
affinity difference and of its importance in attributing 
to culture instability. The importance of M^ax the two 
cell types and of copy number of P**" cells on culture 
instability were also demonstrated.
Product expression levels from plasmid genes were 
measured in cells grown in chemostat culture. Gene 
product levels were shown to be positively correlated to 
the plasmid copy number values predicted by the 
mathematical model. Study of the mRNA ribosome binding 
sites and particularly the translation initiation codons 
revealed the possible reason for expression of 
tryptophanase from the tac promoter in uninduced 
cultures. The effect of this expression on the plasmids 
instability and possible methods for improving this 
instability are discussed.
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INTRODUCTION 
Section 1.1 Aims of the study
There is a relatiyely large body of literature on many of 
the factors inyolyed in obtaining efficient protein 
expression in E. coli. These factors include the gene 
expressed, the promoter used, translational initiation, 
catabolite repression, protein turnoyer, plasmid copy 
number, plasmid stability, host genetic background, 
culture conditions etc. The key elements from each of 
these topics are discussed in the following introductory 
section. The literature about the effects of protein 
oyer-expression on E, coli cellular physiology, and how 
the physiological changes affect the host/plasmid 
interaction is small. There are a number of studies which 
show that plasmid gene expression can reduce the growth 
rate of the bacterial host, including this thesis. The 
cause of the growth rate reduction is often referred to 
as the "metabolic burden". One of the aims of this study 
was to clarify the physiological effects of plasmid- 
encoded gene oyer-expression which results in the 
obseryed effect of growth rate depression.
The adyent of genetic manipulation has seen the 
construction of a yariety of plasmid yectors for 
expression of both bacterial and eukaryotic proteins in 
E, coli. Molecular biologists haye deriyed a number of 
genetic systems for maintaining plasmid stability and 
controlling product expression. Fermentation 
technologists haye deyeloped culturing procedures to 
utilise these expression systems. A further aim of this
thesis was to interface molecular biology, fermentation 
technology and bacterial physiology in order to gain a 
detailed understanding of their inter-relationships and 
effects concerning recombinant gene expression and 
plasmid stability.
Section 1.2 Some genetic and physiological elements 
inyolyed in E. coli gene expression
1.2a .
The promoter.
Transcription is initiated at promoter sites on the DNA 
template upstream of the structural gene to be 
transcribed. RNA polymerase recognises key sequences in 
these sites and binds to the promoter region. A sequence 
of seyen base pairs centred about ten bases before the 
start of the mRNA (the -10 region) and a second site at 
about -35 are the two most important recognition 
sequences (figure 1.1). The base sequences in the -10 and 
-35 regions, and the spacing between the regions haye 
substantial effects on promoter strength (Rosenberg and 
Court, 1979; Amman et al., 1983). The tac promoter is 
shown in figure 1.1 for conyenience since, although it 
has been artificially constructed from the lac and trp 
promoters, it bears the releyant sites and was used for 
efficient gene expression in this study.
Figure 1.1 DNA seguence of the tael promoter
“30 —20 —10 +1 10
5'- TGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGA 
-35 -10
20 30 40
TAACAATTTCACACAGGAAACAGAATTC - 3»
S/D EcoRl
The -35, -10 and S/D regions are shown underlined and 
dots indicate base numbers from -30 to +40
1.2b The ribosome binding site
Messenger RNA is transcribed from position +1 and the 
early section of the transcript bears the important 
regions for ribosome binding. The Shine - Dalgarno (S/D) 
sequence produced by transcription of the indicated 
region in figure 1.1 is the most important region 
associated with ribosome binding (Stormo et al., 1982). A 
start codon for translation would normally be positioned 
to the right of the G in the EcoRI site. The start codon 
AUG is the most efficient although GUG and occasionally 
UUG are found. The spacing between the S/D site and the 
start codon is also an important factor determining 
translation efficiency (Gold, 1988). The role of these 
genetic elements in relation to gene expression 
efficiency is discussed more fully in section 10.
1.2c .
Catabolite repression
When E. coli is grown on glucose the intracellular 
concentrations of catabolic enzymes are very low. These 
enzymes include 8-galactosidase, galactokinase, arabinose
enzymes, isomerase and tryptophanase (de Crombrugghe and 
Pastan, 1978). Repression of the synthesis of these 
enzymes has been shown to be due to the reduction of 
cyclic AMP (cAMP) when cells utilise glucose (Perlman et 
ai., 1969). The ability of glucose, and some analogues, 
to reduce cAMP synthesis, via inhibition of adenylate 
cyclase, has been shown to be mediated by one or more 
components of the PTS system (phosphotransferase 
carbohydrate transport system) (Peterkofsky and Gazdar, 
1975). The DNA sequences involved in mediating catabolite 
repression are discussed in section 1.3b.
1.2d .
Attenuation
As well as some DNA sequences that allow or prevent 
transcription initiation, there are others which exercise 
their control after transcription (Fincham, 1983). 
Attenuation is a method for regulating amino acid 
synthesis. One example is the mRNA transcribed from the 
trp operon. Attenuation of transcription of trp is 
mediated by a 162 nucleotide "leader" upstream of the 
translation initiation codon. When tryptophan is at a low 
concentration polypeptide chain growth will tend to stall 
at tryptophan codons. In the presence of a "stalled 
ribosome" a certain secondary RNA structure is formed. 
The structure prevents the formation of another loop 
structure - a termination structure, and transcription 
can proceed. The key aspect in this form of control is 
that transcription and translation are closely coupled. 
Therefore when tryptophan is in abundance the formation 
of enzymes involved in tryptophan synthesis is
considerably reduced (see Stryer, 1984).
1.2e
Antitermination control
There is evidence for transcription antitermination 
control of the E. coli tryptophanase operon. Attenuation 
involves regulated transcription termination. Attenuation 
is cis-acting whereas transcription anti-terminâtion 
control requires trans-acting regulatory proteins. 
Antiterminâtion control is involved in lambda 
bacteriophage lytic gene expression and is possibly 
involved in expression of some E, coli genes (Stewart and 
Yanofsky, 1985), see page 16.
Section 1.3 Sequences in plasmid pFClO
Plasmid pFClO, constructed and used in this study, is 
based on plasmid pKK223-3 (Pharmacia Ltd) (figure 1.2 and 
figure A6.4 - Appendix 6). The E. coli tryptophanase gene 
(tnaA) (Deeley and Yanofsky, 1981) has been inserted into 
the multiple cloning site of pKK223-3 to create plasmid 
pIMSlOll (figure A6.3). This plasmid was supplied by M K 
Robinson (Celltech Limited) at the start of the project. 
Further changes to the plasmid were made as outlined in 
section 3. This involved the insertion of the lacl^ 
gene (Calos, 1978) into the BamHI site between the tael 
promoter and the tetracycline resistance gene region.
Figure 1.2 Plasmid PKK223-3
. . Sa i l  BamH I
rrnB position 6840
pBR322 p o s i t i o n r r n B  position 
4245 ^  6416
rrnB T,Tg
Fusion:
/  P0R322 position
Pvu 1/ 7 \'\ \
pKK223-3
(4585 bp)
Pvu Ii
pKK223-3 (Pharmacia Ltd), the E. coli expression vector 
which formed the basis of pIMSlOll and pFClO.
1.3a .
The tael promoter.
The tael promoter contains the -3 5 region of the 
tryptophan (trp) promoter and the -10 region, operator 
and ribosome binding site (RBS) of the laeUV5 promoter 
(de Boer et al , 1983) . The -10 and -35 regions are
essential for RNA polymerase binding. The laeUV5 promoter 
has the consensus -10 region and the trp promoter has the 
consensus -35 region. The combination creates a very 
strong promoter. The space between the two regions is 16 
base pairs as in the strong rRNA promoters. The tael 
promoter directs transcription approximately 11 times 
more efficiently than the derepressed lacUV5 promoter and 
approximately three times more efficiently than the 
unrepressed trp promoter.
The lac promoter region bears an operator site just 
downstream of the RNA polymerase binding region (figure 
1.3, page 12). The operator site binds the lac repressor 
protein which then prevents transcription. In the tac 
promoter the lac operator site is present between 
nucleotides +1 and +22 (Dickson et ai., 1975; de Boer et 
ai, 1983) (figure 1.1).
The tac promoter has been used to express a number of 
products, eg. human growth hormone (de Boer at al., 
1982). Different groups have used a variety of different 
promoters for protein expression. For a review see 
Friesen and An (1983). The largely empirical observation 
that uncontrolled expression is detrimental in terms of 
plasmid instability has lead to a general use of 
controllable promoters (for a short review see Caulcott 
and Rhodes, 1986). The tac promoter offers the advantage 
that it is extremely efficient at transcription 
initiation when derepressed with inducer chemicals and 
can be conveniently controlled by varying the inducer 
concentration in the growth medium.
1.3b .
Insensitivity to catabolite repression.
The lacUV5 promoter is insensitive to catabolite 
repression (Friesen and An, 1983). Therefore the use of 
the IacUV5 promoter or hybrids containing the relevant 
sequences (eg tael) avoids complications in studying 
rates of gene expression. These may arise from changing 
concentrations of glucose in the culture medium, and 
hence in the cytoplasm.
cAMP mediates initiation of transcription via CAP 
(catabolite activator protein). The CAP-cAMP complex 
binds to DNA just to the left of the RNA polymerase 
binding site. Transcription is stimulated by facilitating 
formation of the open complex of DNA and RNA polymerase 
(Dickson et al, 1975). CAP specifically recognises a 3 
base pair inverted repeat at -55 and -66 in the lac 
operon (figure 1.3) (Dickson et al, 1977). The gal and 
tnaA promoters have the same inverted repeats, and some 
further homology in this region (Rosenberg and Court, 
1979; Deeley and Yanofsky, 1981). However the ara 
promoter does not have these sites (Fincham, 1983) so the 
sequence requirement for CAP binding is still not clear. 
Mutations within the region of symmetry in lac (A/T or 
T/A substitutions) reduce stimulation caused by CAP 
(Majors, 1975) (figure 1.3). The base change at -65 
causes a 50-fold reduction in 8-galactosidase synthesis 
(Dickson et ai., 1975). This mutation is present in the 
lacUV5 promoter (Rosenberg and Court, 1979) but not in 
tael (de Boer et ai, 1983). This region is replaced by 
the following sequences in tad (1). Sequences from the 
trp promoter region (from -19 to -36 in tad) , and (2) . 
Sequences from upstream of the trp operon promoter region 
(Pharmacia Ltd; Microgenie Databank, Beckman Ltd) (see 
figure A6.1 in Appendix 6).
The T/A mutation (P^la mutation) at -15, which 
increases transcription efficiency by way of CAP-cAMP 
independence, is not present in the iacUV5 or tael 
promoters (Rosenberg and Court, 1979; de Boer et ai., 
1983 ) .
10
The mutations which appear to be solely responsible for 
insensitivity to catabolite repression in lacUV5 and tael 
are the A/T substitutions at -7 and -8 (figure 1.3) or at 
-8 and -9 (figure 1.1). This forms the "consensus" 
sequence TATAATG at the -10 region (Pribnow box) (de Boer 
et al, 1983) . The sequence is strongly conserved in many 
E, coli promoters (Rosenberg and Court, 1979) eg. the 
rRNA promoters. The A/T substitutions enhance the rate of 
formation of the open complex consisting of RNA 
polymerase and DNA to be transcribed (Reznikoff and 
Abelson, 1978).
11
Figure 1.3 DNA sequence of the lac transcription control
region of E , coli - mutations and functions (from 
Fincham, 1983) .
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1.3c .
The lacl^ gene. repression. and induction.
In the presence of certain galactosides, E. coli cells 
produce 1000-10000 times more 6-galactosidase than when 
grown in the absence of such sugars (Miller, 1978). 
Kinetic studies established that three minutes after 
addition of inducer de novo enzyme synthesis could be 
detected, withdrawal of inducer caused an abrupt halt in 
synthesis.
Isopropyl-8-D-thiogalactoside (IPTG) is the most 
effective inducer of the lac operon. It is a gratuitous 
inducer. A concentration of 10”  ^ M IPTG has an induction 
value 6 times greater than 10“^M lactose. IPTG is 20% 
more effective at induction than methyl-G-D-galactoside. 
Other gratuitous inducers include melibiose.
1.3d .
The lacl^ gene mutation.
The up-promoter mutation results in a ten-fold 
increased synthesis of repressor (Muller-Hill at ai, 
1968). The mutation is a single base change at -35 in the 
l ad gene promoter (Calos 1978), slightly increasing the 
homology of this stretch of nucleotides with the -35 
region of other strong promoters. A second step mutation 
derived from J^, termed (Miller at ai, 1970), directs
the synthesis of 50 times more repressor than wild type. 
However the mutation is unstable. Muller-Hill and co­
workers have described a stable nitrosoguanidine-induced 
mutant which synthesises 50 to 100-fold more repressor
13
than wild-type (Muller-Hill et al, 1975).
1.3e .
The l a d  repressor protein
The l a d  gene product is a tetramer of identical 37 Kdal 
subunits each with one binding site for an inducer 
molecule. The repressor protein binds to the operator 
region of lac specifically, and with high affinity 
(Fincham, 1983). The high affinity is essential because 
only a few repressor molecules are present in wild type 
E. coli.
The physiological inducer is allolactose which is 
synthesised from lactose by the few 5-galactosidase 
molecules present prior to induction (Stryer, 1984). 
Allolactose stabilises a conformational state of the 
repressor which has no affinity for operator DNA and thus 
brings about induction, derepression is a better 
description.
1.3f .
Attenuation
Attenuation of transcription of trp is mediated by a 162 
nucleotide "leader" upstream of the translation 
initiation codon. However this sequence is not present as 
part of the tac promoter (de Boer at al, 1983) and
therefore does not affect expression of the cloned gene 
(tryptophanase) expressed from the tac promoter in this 
study. The -35 region of trp and a further section 
proximal to the start of the trp operon are present in 
tac (Pharmacia Ltd; Microgenie Databank, Beckman Ltd)
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(figure A6.1, in Appendix 6).
Section 1.4 Trvotophanase
Tryptophanase has a commercial importance in that it can 
be used to produce tryptophan from indole. Indole is an 
industrial waste product. Tryptophan is used as a dietary 
supplement and as a therapeutic agent.
Tryptophanase has many enzymatic activities. In addition 
to catalysing tryptophan degradation (Newton and Snell, 
1962), resulting in the stoichiometric production of 
indole, pyruvate and ammonia, tryptophanase can 
synthesise tryptophan from indole and serine. For a 
complete review of the properties of the enzyme see Snell 
(1975).
The tryptophanase structural gene, tnaA, was cloned 
and sequenced by Deeley and Yanofsky, (1981). 
The regulatory region was also sequenced.
The wild type tnaA gene is subject to catabolite 
repression (de Crombrugghe and Pastan, 1978). However 
the sequence of the regulatory region (+1 to +504bp) 
(Deeley and Yanofsky, 1981) which contains the CAP 
binding sites was not cloned into pKK22 3-3 during 
construction of pIMSlOll (M Robinson, pers. comm.) (see 
figure A6.1 in Appendix 6). Hence expression of cloned 
gene product in pFClO is not subject to glucose 
repression.
In E. coli synthesis of tryptophanase is inducible by 
tryptophan (Bilezikim et ai., 1967) via transcription 
antitermination control. The control is mediated by the
15
mRNA leader sequence (Stewart and Yanofsky, 1985) coded 
for by the regulatory region (+1 to +504) which was not 
cloned (see above)
Section 1.5 Plasmid stabilitv
1.5a .
Plasmid replication
There are many different naturally occurring plasmids in 
E. coli. A number of different replication mechanisms 
have been identified which form a primary classification 
scheme for plasmids (Scott, 1984). Some of these plasmids 
have been manipulated for use as expression vectors. One 
of the most frequently used plasmid origins on expression 
vectors is the ColEl - type origin of plasmid pMBl. The 
pMBl origin was used to construct pBR322 (Sutcliffe, 
1979) which was subsequently used to construct many other 
cloning and expression vectors (see figure A6.7 in 
Appendix 6 for a map of plasmid pBR322). These plasmids 
are often referred to as ColEl plasmids or ColEl - type 
plasmids since pMBl has an identical replication 
mechanism to ColEl and is in the "ColEl group" in terms 
of replication mechanism (Scott, 1984). The use of the 
term ColEl plasmids probably stems from reference to 
early cloning vectors such as RSF2124 and pDS1109 
(Primrose et ai., 1984). Since pBR322 and plasmid 
expression vectors derived from it, including those used 
in this study, contain the ColEl-type origin of 
replication, its properties will be discussed (see figure 
1.4). ColEl has been shown to replicate unidirectionally 
from a fixed origin (Lovett, et al., 1974). Initiation of
16
DNA synthesis occurs at either one of 3 consecutive 
bases in the replication region (Tomizawa at al., 1977).
Figure 1.4 The replication control region of ColEl
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Interaction between the complementary RNA I and RNA II 
molecules prevents processing of the pre-primer RNA (RNA 
II) by RNAase H to form the active replication primer. 
The 63 residue protein, Rop, catalyses the interaction 
between RNA I and RNA II, enhancing the negative 
replication control mechanism.
Transcription of preprimer RNA (RNA II) begins about 500 
bases upstream. To initiate DNA replication the preprimer 
RNA must hybridise to its DNA template in the region of 
the origin (oriV). This RNA-DNA hybrid serves as a 
substrate for RNase H, which cleaves the preprimer RNA to 
form the primer on to which deoxynucleotides are added. 
ColEl replication is negatively regulated by RNA I, a 
small untranslated RNA molecule encoded within the DNA 
region that is used to transcribe the RNA primer, but is 
itself transcribed in the opposite direction. RNA I binds 
with the complete preprimer transcript and prevents the
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formation of the stable RNA-DNA complex which is a 
prerequisite for the formation of the primer RNA. The 
inhibitor protein, Rop, is the product of the rop gene 
which maps 400 nucleotides downstream from the 
replication origin. The protein apparently increases the 
rate constant for binding between the two RNA species. 
(Cesareni et ai., 1982; Scott, 1984; Tomizawa and Som, 
1984; Tomizawa, 1985).
1.5b .
Plasmid maintenance
In order that plasmids are stably maintained within 
bacterial cells, they must replicate at least once before 
cell division and be partitioned to ensure that each 
daughter cell receives at least one plasmid copy at cell 
division. There are two basic mechanisms by which 
plasmids ensure they pass to daughter cells at division. 
Low copy number plasmids such as pSClOl, NRl, F and R1 
contain only one or two copies per chromosome. They rely 
on an active partition mechanism and contain sequences 
which interact with this mechanism to ensure efficient 
partition at division. (Scott, 1984; Summers and 
Sherratt, 1984). For example, pSClOl encodes the par 
sequence which is discussed further in section 1.6a. 
Higher copy number plasmids such as ColEl and relatives 
do not rely on a partition mechanism and are able to 
depend on stochastic segregation. ColEl has a copy 
number of about 15 per chromosome equivalent (Twigg and 
Sherratt, 1980).
Since ColEl is randomly partitioned it may be important
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that its replication control system can respond quickly 
to copy number deviations which would restrict copy 
number variance to a minimum. Theoretical considerations 
suggested that the matching of the rate of plasmid 
replication to the rate of bacterial growth requires the 
existence of an unstable replication repressor 
synthesised constitutively from a plasmid gene (Pritchard 
and Grover, 1981; Pritchard, 1984). The mechanism implies 
that any drop in copy number, eg. due to random 
fluctuations, could lead to a temporarily increased rate 
of replication, while a higher than normal copy number 
would have the opposite effect ie. a temporarily 
decreased rate of replication. For any given growth rate, 
an equilibrium plasmid concentration exists at which the 
rate of replication is equal to the rate of plasmid 
dilution by cell growth. Without this negative control, 
plasmids would either be diluted out, or they would kill 
the host by "runaway replication". For ColEl - type 
plasmids the repressor was found to be RNA I as described 
above. RNA I is unstable in vivo (Elble et al., 1983).
The actual in vivo control of plasmid replication is 
complicated by growth rate dependent effects on the 
initiation rates at the RNA I and RNA II promoters, on 
the stability of RNA I, and on the efficiency of the RNA 
I/RNA II interaction as explained in section 1.5e.
1.5c .
The relationship of plasmid copy number to stabilitv
As long as there exists an efficient copy number control 
mechanism, all that is required for stable maintenance is 
that at least a single plasmid copy is present in each
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newborn cell. Actively partitioned plasmids (ie. those 
with a par region or similar functional sequence - see 
section 1.6a) should be totally stable. Random 
partitioning will result in the generation of plasmid- 
free cells at a frequency related to the copy number of 
the dividing cell (Summers and Sherratt, 1984) (see 
figure 1.5).
If multi-copy plasmids like ColEl are partitioned 
randomly, the probability (P^ ) of generating a plasmid- 
free (P“) cell is given by the binomial distribution:
Pg = (1)
(where x is the number of plasmid molecules per cell 
immediately before septation). This means that a cell 
must have a plasmid copy number greater than 18 at 
division (ie 9 per daughter cell) in order to segregate 
plasmid-free cells at a frequency of <10~^ per cell per 
generation (Summers and Sherratt, 1984). Not only ColEl 
but plasmid cloning vectors derived from it have a copy 
number in excess of this in most strains under normal 
growth conditions (Timmis, 1981). Some multi-copy 
plasmids are known to be unstable. This may be because 
measured plasmid copy numbers are population means. 
Unstable multi-copy plasmids might have a high copy 
number variance (eg. see Nordstrom et al , , 1980).
Therefore a significant number of cells could have a 
sufficiently low copy number that plasmid free segregants 
would be produced.
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Figure 1.5 Copy number and segregation freguencv of 
randomly partitioned plasmids
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The Stability of cloning yectors
Deletion of the rop gene of pBR322 to yield pAT153 leads 
to a 1.5 to 3-fold increase in copy number (Twigg and 
Sherratt, 1980) (see figures A6.7 and A6.8 for plasmid 
maps). The increased copy number of pAT153 is desirable 
for obtaining increased gene expression but there is 
simultaneously a decrease in stability in this plasmid 
(Summers and Sherratt, 1984) . There are a number of 
possible explanations for this apparent paradox. An 
increase in copy number increases the metabolic load on 
the cell, therefore a growth rate difference leads to 
oyergrowth by plasmid free cells. Another explanation is
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that a change in segregation rate occurs. If the rop gene 
product acts as a fine tuner of copy number control, the 
copy number variance may be broad, hence a pool of cells 
with relatively low copy numbers would lead to increased 
instability.
Other workers have found pAT153 (rop”) relatively stable 
compared to pBR325 (rop"^) (S Jones et ai., 1980). 
Primrose et al. (1984) found pAT153 more stable than 
pBR322 (rop^) . The reason was thought to be due to the 
higher copy number of pAT153. The opposing results may be 
due to differences in the growth conditions used. pBR3 2 5 
was derived from pBR322 and has a chloramphenicol 
resistance gene in addition to tetracycline and 
ampicillin resistance genes (Bolivar, 1978).
1. 5e .
The effect of culture conditions on plasmid copv number.
Much work has gone into studying the effects of culture 
conditions, particularly growth rate, on copy number and 
stability of the culture. Engberg and Nordstrom (1975) 
studied the effect of growth rate on the copy number of 
plasmid R1 in E, coli. The results indicated that the 
copy number decreased with increasing growth rate. 
Similar results were reported by Lin-Chao and Bremer 
(1986a). They used ColEl-type plasmids and varied growth 
rate in batch culture by employing different growth 
media. Therefore it is not clear whether the change in 
copy number observed was due only to the growth rate 
changes or to nutrient effects. Klotsky and Schwartz 
(1987) also examined copy number of a ColEl-type plasmid
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using different growth media which gave similar results. 
Collins and Pritchard (1973) also examined the 
relationship, but for F'lac, similar results were 
reported. Studies in chemostat culture, have given the 
same correlation between dilution rate and copy number - 
Siegel and Ryu (1985) found increased stability as 
dilution rate increased with concomitant decrease in 
plasmid copy number. The higher copy number at low 
dilution rate resulted in increased levels of plasmid 
encoded product and hence an advantage of the P” cells 
which over-grew in the culture.
Similar correlations have been found for dilution rate 
and stability in chemostat cultures under a variety of 
nutrient limitations and with a variety of plasmid types 
(in terms of replication properties). However copy number 
was not determined by these groups (Caulcott et ai., 
1987; Godwin and Slater, 1979; Melling, et ai, 1977; Roth 
et ai., 1980; Wouters et ai., 1980). It could be 
inferred, therefore, that copy number also decreased for 
these plasmids as dilution rate was increased - leading 
to increased stability as a result of decreased plasmid 
encoded protein expression. Mathematical modelling of 
plasmid lambda dv replication and host cell growth 
predicted inverse proportionality of copy number with 
growth rate (units were plasmids/cell) (Lee and Bailey, 
1984a). A similar, but more highly structured model for a 
ColEl rop” plasmid (Atai and Shuler, 1987) predicted the 
same correlation (units were mg plasmid DNA/gram 
bacteria). However the same model predicted the opposite 
effect (at growth rates between 0.94 and 0.31 H” )^ when
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units used were "number of plasmid copies at birth". The 
difference could be accounted for by the much larger cell 
birth size at high growth rates, also predicted by the 
model. Lee and Bailey (1984a) analysed their simulation 
computations and revealed that the primary reason for 
higher copy number at lower growth rate is reduced 
synthesis of repressor protein (see section 1.13b on 
structured models). This would suggest that repressor 
synthesis correlates positively with growth rate as with 
the expression of many genes (see section 10). However 
the repressor molecule involved in ColEl-type plasmid 
replication - the inhibitor RNA I - decreased in 
concentration per cell (and per plasmid) as growth rate 
increased (Lin-Chao and Bremer, 1986a). This would be 
expected to increase the plasmid number with growth rate. 
The preprimer RNA II also decreased per cell and per 
plasmid, as did the ratio of RNA II to RNA I. The effects 
of these would be expected to reduce plasmid number for 
growth rate increase. The overall effect must be that 
the changes compensate each other. It was proposed that 
other compensatory changes involving the efficiency of 
RNA I inhibition of replication and the degree of RNA I 
stability mediated by Rop all cancel each other. In this 
way the inverse proportionality with growth rate 
(plasmids per OD unit) is maintained because the reduced 
repressor concentration at high rates allows replication 
to keep up with the faster rate of growth.
Different results were found by Seo and Bailey (1986) who 
measured plasmid content (mg DNA/g dry cell mass) as a 
function of dilution rate for a ColEl-type plasmid. There
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was a steady decline above a dilution rate of 0.3 in
plasmid content, but a maximum value existed at 0.3 H” .^ 
A similar maximum at a growth rate of 0.3 was
indicated in batch culture studies. The trend in 
continuous culture correlated with a maximum for 8- 
lactamase activity at the same dilution rate.
1.5f .
Experimental considerations for plasmid copv number 
determination.
Various methods are available for determining copy number 
which are reviewed in table 1.1 and page 29. Copy number 
can be expressed in a variety of units. Copy number 
assays in studies detailed so far were expressed either 
as (a). the number of plasmids per viable cell or (b) . 
the ratio of plasmid DNA to chromosomal DNA. Lin-Chao and 
Bremer (1986a) expressed copy number in both of these 
ways. However the two results did not correlate. As 
growth rate increased (0.415 to 1.75 H” )^ the number of 
plasmids per genome equivalent of chromosomal DNA 
decreased from 23 to 15 and the number of plasmids per 
cell increased from 39 to 55. The reason for the 
increase, it was explained, reflects the larger size of 
faster growing cells (see section 1.11a for the 
explanation for this effect). A similar general trend was 
predicted by modelling studies on pBR322rop” (Atai and 
Shuler, 1987) except the plasmid number at birth values 
U-turned and started to rise slightly below 0.31 H” .^ The 
plasmids per biomass unit (mg plasmid DNA per gram 
bacteria) showed the opposite trend and were negatively
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correlated to growth rate as did the experimental results 
of Lin-Chao and Bremer for the biomass units (plasmid 
number per OD^^q) which decreased from 4 6 to 11.
An important conclusion reached by Lin-Chao and Bremer 
(1986a) was the following: Since chromosome replication 
and cell division are controlled independently of plasmid 
replication the per-genome and per-cell values also 
reflect the control of these reference units. It is 
preferable, therefore, to use the cell mass as a 
reference unit, which gives a measure for the plasmid 
concentration (ie plasmid number per OD unit).
Siegel and Ryu (1985) expressed copy number as mg of 
plasmid DNA per gram of bacteria and as molecules per 
bacterial cell. There was a decrease for both 
measurements with growth rate increase. The opposite 
correlation for the per cell measurement compared with 
the results of Lin-Chao and Bremer (1986a) may be due to 
the methods of culture. Siegel and Ryu used continuous 
culture, Lin-Chao and Bremer varied the growth rate by 
using different media formulations in batch culture. 
Changes in concentration for RNA I and RNA II, and the 
resulting copy numbers may have been, at least 
partially, in response to changes in carbon source and 
amino acid availability. Adams and Hatfield (1984) showed 
that plasmid number per genome and fmol plasmid per mg 
protein increased 7-fold in amino acid limiting growth 
conditions (using a pBR322 origin plasmid) . It was 
concluded that the effect was related to the ability of 
ColEl-like replicons to replicate in the absence of 
protein synthesis. The experiments were performed with
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low media concentrations of amino acids to which the host 
was auxotrophic,
Stueber and Bujard (1982) analysed copy number 
by the fluorographic method at different batch growth 
phases in L-broth. Growth rate was highest in the 
exponential phase followed by progressive reduction in 
early and late decelleration phases. pBR322 copy number 
per cell was 33, 67 and 141 in the growth phases
respectively. The trend is opposite to that of Lin-Chao 
and Bremer (1986a), for the copy number per cell units. 
This may be due to difference in the media used for 
growth or due to use of growth phases instead of medium 
type to vary growth rate.
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Table 1.1 Copy Number Determinations.
Method Correlation
Fluorographic measurement 
of chromosomal and 
plasmid DNA in ethidium 
bromide stained gels 
using microdensitometry
pBR322 /cell o<- /x 
pBR322/genome l//x
pBR322/OD4gQ o< l//x
ref 1. used media 
to change jit. 
range 0.415 to 
1.75 H"^ 
pMBl origin
I
mg plasmid DNA per 
gm bacteria «x 1/D 
plasmid molecules 
per cell ^  1/D
ref 2. continuous 
culture, range 
0.06 to 1.08 H  ^
pMBl origin 
(pBR322 origin 
(ref 8))
I
plasmids per cell 
o< 1//X below 0.3 
H” ,^ possible 
maximum at 0.3 H"^ 
(see ref 4 below)
ref 3. used media 
to change 
range 0.25 to 
1.25 H pMBl 
derivative
I
mg DNA/g dry cell 
mass <o<r 1/D below 
0.3 H”  ^ (approx), 
max at 0.3 H ^
ref 4. continuous 
culture, range 
0.23 to 0.64 H”l 
pMBl derivative
Counts on fractions 
of sucrose gradients 
of bacterial lysates 
labeled with 
[^ H] thymidine
% plasmid to 
chromosome o< i/ju
ref 5. used media 
to change /z. 
range 0.3 to 1.26 
H”l. plasmid R1 
(FII group)
Spot hybridisation 
and scintillation 
counting
relative plasmid 
number per 
OD unit o< l/fi.
ref 6. used media 
to change fi. 
range 0.4 to 1.1 
H”l. pBR325 
(pMBl origin)
Highly structured
mathematical
model
plasmid number 
at birth o< l//x
ref 7. simulated 
batch growth, 
range 0.17 to 1.7 
H”l. lambda dv 
(phage origin)
I
mg plasmid DNA 
per g bacteria 
cK 1//LI . 
plasmid number 
at birth c< M
ref 8. simulated 
glucose limited 
chemostat. range 
0.94 to 0.15 H  ^
for no. at birth 
min. at 0.31 H” . 
pBR322rop”
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2. Siegel and Ryu, 1985
3. Seo and Bailey, 1985
4. Seo and Bailey, 1986
6. Engberg and Nordstrom, 1975
7. Klotsky and Schwartz, 1987
8. Atai and Shuler, 1987.
Other methods used for copy number analysis are : Gene- 
dosage dependent level of single-cell resistance to 
ampicillin or cephaloridine (Tucker et al., 1984; Summers 
and Sherratt, 1984). Copella et al. (1987) described the
use of an HPLC for the analysis. The former method is not 
applicable to growth rate correlation analysis and were 
used in the analysis of par and car respectively (see 
sections 1.6a and 1.6b). Sample processing for the HPLC 
method is very simple. The spot hybridisation method is 
the most widely used at present due to ease and accuracy.
1.5g .
Seareaational stabilitv
The natural plasmid ColEl is stably maintained in culture 
whereas cloning vectors related to it are reported by 
some workers to be unstable (Summers and Sherratt, 1984). 
Such cloning vectors include pBR3 2 2 and its rop” 
derivative pAT153 from which many E. coli cloning and 
expression vectors have been derived. Other ColEl - type 
plasmids are relatively stable compared with pBR322. For 
example pDS1109, which contains Tnl (amp^) inserted in 
the colicin structural gene, was stable for over 120 
generations in chemostat culture (I Jones et al., 1980). 
In contrast pBR322 and pMB9 (a close relative of ColEl) 
showed instability after 30 generations. S Jones at al.
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(1980) found pAT153 to be very stable regardless of the 
nutrient limitation used. Jones and Derbyshire found 
pAT153 was lost in chemostat culture but was more stable 
than pBR322 (Primrose et al., 1984). This was thought to 
be possibly due to the higher copy number of pAT153 
(Twigg and Sherratt, 1980), see section 1.5d.
In contrast to the results of I Jones et ai. (1980) it 
was found by S Jones et ai. (1980), Wouters et ai. 
(1980) and Noack et ai. (1981) that there was no loss of 
pBR322 from E. coli grown in glucose or ammonia limited 
chemostats. The reason may be due to the different host 
genetic backgrounds used by the two groups of workers. 
The plasmid pBR325 has also been found to be unstable, 
exhibiting more instability than pBR32 2 under some 
conditions (Noack et ai., 1981).
Considerable instability of plasmids can occur when a 
highly expressed gene is inserted into a plasmid (eg. 
Imanaka et ai., 1980; Caulcott et ai., 1985). The 
observed culture takeover by plasmid free cells is 
generally attributed to the growth rate advantage over 
plasmid containing cells (Carrier et ai., 1983; Caulcott 
et ai., 1987) and not due to a decrease in segregational 
fidelity. The segregation rate was implicated as a cause 
of instability when expression of the trp operon was 
progressively increased on plasmid pVH5 (Kim and Ryu, 
1984). However there was no direct evidence for this.
Factors which influence plasmid instability are several 
and varied. Differences found may be attributed to the 
host genetic background, difference in medium composition
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and difference in dilution rates employed.
1.5h .
Structural instability
Structural instability is due to deletion, insertion or 
rearrangement of DNA. Spontaneous deletion formation has 
been observed often (Nugent et al. , 1983). A common
feature of these deletions is the involvement of 
homologous recombination between short base pair direct 
repeats. Spontaneous mutations may be caused by insertion 
(IS) elements or transposons by their insertion, adjacent 
deletion, or inversion of DNA. The IS elements ISl, 2, 3, 
4 and 5 are on the chromosome of E. coli K12. Rood et al. 
(1980) found insertion or deletion in a multi-copy 
plasmid due to insertion of ISl. Chew et al. (1986)
obtained more stable derivatives of pAT153 during 
chemostat culture. The plasmids were tetracycline 
sensitive due to insertion of ISl into the amino-terminal 
region of the tet^ gene.
Section 1.6 The use of genetic systems for stabilitv 
maintenance
1.6a .
The par sequence of plasmid pSClOl
A locus near to, but separate from, the replication 
region of pSClOl encodes a function (termed partition, or 
par) necessary for stable inheritance of the plasmid in a 
population of dividing cells (Meacock and Cohen, 1980). 
The evidence of Gustaffson et al. (1983) suggests that
the functioning of the par locus is exhibited through its
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binding to the outer membrane. The mechanism is analogous 
to the method of correct chromosome partitioning at cell 
division (Mandelstam et al., 1982).
The par locus has been successfully used in plasmids to 
enable low copy number stable maintenance prior to 
product expression (Brown et al., 1987; Brown, 1990). 
These "dual origin plasmids" employ a second origin of 
replication which can be controlled to generate a high 
copy number which leads to product synthesis. Induction 
of product synthesis, however, resulted in takeover of 
the chemostat by plasmid free cells.
The par system of pSClOl enables the plasmid to be 
maintained for at least 120 generations of continuous 
culture without any observed instability (Caulcott at 
al., 1987). The copy number of pSClOl is in the order of 
5 per cell (Cabello at al., 1976) . Hence correct 
segregation at cell division is imperative for stability.
The par system of pSClOl is the most studied system of E, 
coli plasmids. However many others are currently being 
characterised : The IncFII plasmid NRl contains the stb 
locus which is responsible for stability of maintenance. 
It codes for two essential proteins and contains a cis 
acting site (Tabuchi at al., 1988).
The partition system of the unit copy plasmid PI encodes 
two proteins, the parA and parB gene products and 
contains a cis acting site pars (Funnell, 1988) .
Plasmid F encodes the genes ccd^ and sop*^  which are 
responsible for stable maintenance of the plasmid (Boa at
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al., 1987). The stability system of Rl, termed parD 
encodes two proteins, PIO and P12. Evidence suggested 
that the stabilisation could be due to R1 counter 
selection, mediated by P12, of cells that lose the 
plasmid at cell division (Bravo, 1988).
A stability function has also been found in a Bacillus 
subtilis plasmid (Bron et al., 1988).
The parB or hok-sok system of plasmid R1 has been used to 
stabilise a variety of plasmid systems and copy number 
types (Gerdes et al., 1985; Gerdes et al., 1986; Gerdes, 
1988; Ramussen, 1987) under conditions of minimal 
production from the plasmid. However during extended 
culturing significant numbers of plasmid free cells 
arise.
1.6b .
The cer function
Cells containing plasmid multimers segregate plasmid free 
cells because the multimers are maintained at lower copy 
number than monomers. ColEl is stable because it encodes 
a determinant cer, that is necessary for recA, recF 
and recE independent recombination events that 
efficiently convert any multimers to monomers (Summers 
and Sherratt, 1984) . The cer region is not present in 
ColEl derivatives such as pBR322, hence these plasmids 
are relatively unstable. Cloning of the cer region into 
pAT153 and pUC8 resulted in a significantly increased 
stability (Summers and Sherratt, 1984). A similar region 
in plasmid cloDF13, which has been implicated in 
stability shows extensive homology to cer.
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From a commercial point of view the segregational 
instability of pBR322 is of great concern as pBR322- 
derived recombinant plasmids often form the basis of 
novel industrial processes. With this consideration in 
mind Primrose et al, (1984) attempted to clone into
pBR322 the region of DNA responsible for segregational 
fidelity in ColEl. The gene responsible was later 
identified by Summers and Sherratt (1984) and named cer. 
Primrose et ai. (1984) cloned the HaellA fragment of 
ColEl into pBR322 but found no increase in fidelity. It 
was discovered by Summers and Sherratt (1984) that the 
cer gene lies on the HaellB fragment of ColEl. The 
fragment was cloned into pAT153 and pUC8 (another ColEl 
derivative) resulting in a significant increase in vector 
stability.
1.6c .
Other methods for stabilitv maintenance.
In addition to the natural systems such as par and cer, a 
number of other methods have been employed to prevent the 
takeover of bioreactors by plasmidless cells. The 
simplest is to use antibiotic selection. Aside from the 
problems of expense and waste disposal associated with 
this strategy in large bioreactors, antibiotic resistance 
mechanisms involving enzyme(s) that actively degrade the 
antibiotic often allow a substantial population of 
plasmid free cells to be maintained (Porter et ai., 
1990). Other methods rely on the plasmid complementing a 
defect in the host chromosome. Others rely on the 
suppression of phage lysis functions.
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For example a common method is to put an anabolic gene on 
a plasmid while inactivating or removing the chromosomal 
gene copy. This plasmid-dependent conferral of 
prototrophy on an auxotrophic host strain generally 
requires special media. This strategy may suffer from 
"cross-feeding" effects when a diffusible growth factor 
is growth limiting (Dwivedi et ai., 1982).
A system based on bacteriophage lambda has also been 
developed (Rosteck and Hershberger, 1983). In this 
system, a repressor-defective mutant of lambda is allowed 
to integrate into the chromosome after the introduction 
of a plasmid carrying the lambda cl repressor gene. Cells 
losing the plasmid experience derepression of the lambda 
prophage and are therefore killed. This system was 
essentially 100% stable for 300 hours.
Similar results have been seen with a system where the 
chromosome contains a vai^g allele and the plasmid 
carries a wild-type vaiS gene (Nilsson and Skogman, 1986; 
Skogman and Nilsson, 1984). At the restrictive 
temperature, the chromosomal valS product is inactivated 
and cell viability depends on the plasmid-borne copy of 
the gene. Stability for 150 generations in continuous 
culture has been observed with this system.
Porter et ai. (1990) have engineered a new host strain 
for stability maintenance. They removed the ssb gene from 
the chromosome and placed it on the plasmid. The gene 
encodes the SSB protein which is required for DNA 
replication and cell viability. Stability was maintained
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in continuous culture for 150 hours.
The presence of DNA containing the lambda cos sequence in 
a plasmid increased the stability of the plasmid in 
glucose limited chemostats. The observation may, in part, 
explain the increased fitness of lambda lysogens (Edlin 
et al., 1984) .
Bacteriocin plasmids can be used to stabilise the host / 
plasmid system (Lauffenburger, 1987). Bacteriocins kill 
the plasmid free cells while plasmid bearing cells are 
immune. However bacteriocin kills the producing cell. The 
problem is ameliorated somewhat by the fact that 
synthesis occurs in a small derepressed fraction of the 
plasmid-bearing population. Mathematical modelling 
predicted that bacteriocin plasmids can be stable in 
continuous culture if a low enough dilution rate is used.
A stable host / plasmid system was developed by Bouma and 
Lenski (1988). They maintained pACYC18 4 for 500 
generations under antibiotic selection. The plasmid was 
then shown to increase the fitness of its host even 
without antibiotic. Such a system may be used for 
production plasmids.
Immobilisation of plasmid-bearing cells considerably 
increases stability of plasmids in continuous culture 
(Nasri et al., 1988). The E. coli host was immobilised in 
carrageenan gel beads.
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Section 1.7 The effect of host genetics on stability.
1.7a .
Recombination systems
It is known that several factors influence the 
instability of plasmids such as plasmid type and culture 
conditions. Studies with plasmids such as pAT153 and 
pBR322 have produced contradictory results, some of which 
are probably attributable to host strain differences 
(Caulcott at al . , 1987). Plasmids are generally 
propagated in the laboratory in recA~ strains such as 
HBIOI. Such strains are deficient in homologous 
recombination and hence structural instability is reduced 
in such hosts. The formation of multimers is also less 
likely (Summers and Sherratt, 1984). The stability of 
pACYC184 was also investigated in recF and recBC strains 
by Summers and Sherratt (1984). They found recF cells the 
best host for maintaining stability due to the retention 
of the monomeric state.
1.7b .
Relaxed and stringent strains.
Lin-Chao and Bremer (1986b) investigated plasmid 
concentration in a relA^ and a relA~ strain. They found 
during amino acid starvation that amplification of 
plasmid concentration was less in the relA strain than in 
relA^, Such copy number differences may affect stability. 
Fidelity of segregation could be enhanced in the relA'^ 
strain, due to the higher copy number during amino acid 
starvation, although a growth rate reduction may decrease
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culture stability.
Section 1.8 The effects of plasmid encoded sequences 
on stability.
1.8a.
Read-through effects from strong promoters.
Possible overproduction of the Rop regulatory protein by 
read-through from strong upstream promoters can reduce 
plasmid copy number and subsequent maintenance. 
Transcriptional read-through into the replication region 
itself has a profound effect on plasmid replication - a 
reduction in copy number is observed due to an 
overproduction of RNA I (the negative regulator of 
plasmid replication) or due to a possible mechanical 
interference with the transcriptional unit for RNA II 
(replication primer), or both (Stueber and Bujard, 1982; 
Bujard et ai., 1985). Strong terminators (eg. tg of phage 
lambda) are required to prevent transcriptional read- 
through into the replication region (for a further 
discussion about read-through see section 1.8b and the 
Discussion of section 3.
1.8b .
The effect of the tetracycline resistance gene of pSClOl 
on plasmid stability.
Chew et al. (1986) found that when pAT153 was grown in
carbon limited chemostats at a dilution rate of 0.15 
more stable structural derivatives were obtained. The 
insertion sequence ISl had been transposed into the 
amino-terminal region of the tet gene. These results are
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consistent with the reports of Vernet at al, (1985) and
Lee and Edlin (1985). They found plasmids were more 
stable when the tet gene had been inactivated by deletion 
in vitro.
Also, tet^ was lost from pBR325 before the loss of 
ampicillin and chloramphenicol resistance (Noack et al. , 
1981). Godwin and Slater (1979) found that tet^ was lost 
from TP120 (a natural R plasmid) prior to the loss of 
other resistance phenotypes.
The tetracycline (tet) resistance gene of pBR322 was 
derived from plasmid pSClOl. Tet resistance in pSClOl is 
inducible whereas that of pBR322 is constitutive (Tait et 
al., 1977). This is because only the tet resistance 
(tet^) structural gene of pSClOl was incorporated into 
pBR322 (Sutcliffe, 1979). The tet^ regulatory gene 
encoding the tet^ gene repressor (tetR) is located beyond 
the EcoRl site of pSClOl (figure 1.6) (Unger et al., 
1984 ). However the work of Makino et al . ( 1986)
suggested that the regulation of tet resistance may be 
coded by the tetR gene but is much more complicated. Two 
regions tentatively called unsA and unsR were identified 
on pSClOl. One unsA, corresponds to less than 650bp of 
the N-terminal in the tetracycline resistance structural 
gene and seems to inhibit stable maintenance of pSClOl. 
The other, unsR, is defined within the Ikb Xhol-EcoRl 
region located upstream of the tetracycline resistance 
structural gene and is a regulatory gene clearly distinct 
from tetR, it serves as a suppressor of the unsA 
function.
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Figure 1.6 The region of pSClOl concerned with 
tetracycline resistance.
X H H R1 Hd RV B
tetR tetA
- »
—  X  —
unsR unsA
Restriction enzyme sites;
X Xhol, H Hindi, RI EcoRl, Hd Hindlll, RV EcoRV, 
B BamHI, S Sail.
Insertions or deletions within unsR were shown to cause 
instability due to incorrect segregation and not due to a 
growth rate difference. The mutations also made 
tetracycline resistance constitutive even though some of 
the mutations extended beyond the end of the tetR gene. 
By inserting small restriction fragments into sites 
Hindlll, EcoRV and BamHI, unsA was shown to inhibit 
stable maintenance of the plasmid. The resulting mutants 
were stably maintained and tetracycline resistance was 
repressible. However insertion at Sail resulted in 
instability and tetracycline resistance was constitutive. 
Thus, less than 650 bp of the N-terminus of the tet 
resistance structural gene was shown to be implicated in 
the plasmid instability when its expression is 
derepressed.
The C terminal end of the unsA product lies within the 
tetA structural gene. The unsA product is probably 
derived due to termination about 600bp within tetA 
(Stueber and Bujard, 1981), where an atténuator-like 
structure is found.
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Moyed and Bertrand (1983) have reported that a high level 
of expression of the tetA product inhibits the growth of 
E. coli, presumably through the interaction of the tetA 
product with the cytoplasmic membrane. The product of tet 
resistance is a membrane protein (McMurray et al., 1980; 
Chopra, 1986). It may be assumed that overproduction of 
tetA or its N-terminal fragment results in inhibition of 
host cell growth and selective advantage of plasmid free 
cells. However Makino et al. (1986) found no growth rate 
difference and the instability was purely segregational. 
Kolot et ai. (1989) also found that the tet product 
itself was not the cause of instability.
The functioning of the par locus is exhibited through its 
binding to the outer membrane (Gustaffson et ai., 1983). 
Some specific sequences forming a terminator-like hairpin 
structure have been implicated for this function (Tucker 
et ai., 1984). Analysis of the unsR sequence revealed 
homology to those of the par locus (Makino et ai., 1986). 
Instability may occur by the interaction between unsR 
unsA and the outer membrane. However in pBR322 and 
derivatives, including the plasmid used in this study 
(which has the tetA structural gene restored) the tetR 
gene is not present (tet resistance constitutive). Hence 
repression by unsR is not available leaving instability 
caused by unsA unrepressed. This may be a reason for 
instability of pBR322 based plasmids and not solely due 
to lack of the cer function.
Another reason for the instability of pBR322, caused by 
the tet^ gene, is read-through from the tet^ promoter
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into the replication region (Stueber and Bujard, 1982). 
Hence plasmids with deactivated tet^ promoters are more 
stable (Chew et ai., 1986). Read-through would cause 
enhanced synthesis of RNA I, the specific inhibitor of 
replication initiation and Rop, the repressor which 
enhances RNA I function whose direction of transcription 
coincide with that of the tet^ gene. Also synthesis of 
the RNA II primer may be decreased, which is transcribed 
in the opposite direction. Hence there may be copy number 
decrease if either or both of these events occur. This 
would be expected to lead to increased segregational 
instability.
Evidence of Kolot at al . ( 1989) discounted the
possibility of tet^ promoter function as a source of 
instability. They found that the regulatory region of the 
tet^ gene has a negative effect on the instability of 
pBR322 that is not related to its promoter function. 
Their results could, in part, be explained using the 
unsA/unsR model. However Kolot et al. did not review the 
relevance of the work of Makino at al.. Their results 
were explained as being due to a negative effect on 
plasmid stability brought about by a DNA fragment in the 
region of the Hindlll site of the tet^ gene of pBR322 and 
pACYC184. They suggested that the reason may be that the 
region contains a "hot spot" of plasmid recombination. 
Their evidence suggests that there is multimer formation 
mediated by the "hot spot" which leads to the observed 
segregational instability.
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Section 1.9 The effects of culture conditions on 
plasmid stability.
1.9a .
Effect of dilution rate.
Wouters et al. (1980) reported that low dilution rates
reduced the stability of pBR322 in continuous culture. 
Noack et al, (1981) found pBR325 was more stable at the
higher dilution rate used. Similar results were reported 
by Melling et al. (1977); Godwin and Slater (1979) and
Roth et al . (1980). Caulcott et al . (1987) observed
similar results with pHSG415 although an orderly 
relationship was not found. Siegel and Ryu (1985) 
monitored plasmid stability and plasmid copy number of 
pPLC23trpAl in E, coli. Using five dilution rates there 
was an ordered increase in stability with increasing 
dilution rate. The plasmid copy number (molecules / 
bacterium) and plasmid content (mg DNA / gram bacteria) 
were both found to fall steadily with increasing dilution 
rate. It was concluded that the increased plasmid content 
at lower dilution rates makes the cells less competitive 
with the plasmid free segregants leading to a more rapid 
increase in the plasmid free fraction of the population. 
It would seem likely that there is a balance between the 
copy number and the degree of plasmid gene expression. A 
higher copy number leads to increased segregational 
fidelity. However the increased expression from the 
greater plasmid number will cause a lowering of growth 
rate leading to a more rapid takeover of the culture by 
P” cells once segregants arise.
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1.9b .
Nutrient limitation
The nutrient used to limit growth in a chemostat can 
affect the plasmid stability. The effect is generally 
plasmid specific. For example phosphate limitation is 
detrimental to the stability of RPl (Melling et al . , 
1977) and pBR322 (Jones and Melling, 1984), compared to 
carbon and magnesium limitations. However Caulcott at al. 
(1987) found that the plasmid pHSG415 was stable under 
phosphate limitation. Caulcott at al. (1987) discussed
the relationship of different nutritional limitations and 
the physiological effect different plasmids may have on 
their host. They divided plasmids into two types in terms 
of the cause of instability: 1. dfi > R (where the
difference in growth rate, dju, between P*^  and P~ cells 
is a major factor for instability compared to the plasmid 
segregation rate, R) and 2. R > d/z (where segregation 
rate is the major cause of the accumulation of P” cells 
in a culture). Possibly there may be a relationship 
between these two plasmid types and the effects different 
nutritional limitations have on the stability of each.
Structural instability can also vary depending on 
nutrient limitation. Loss of tetracycline resistance in 
pBR325 occurred most in glucose rather than ammonium 
limitation (Noack et al., 1981). Godwin and Slater
(1979) found that loss of tetracycline resistance from 
TP120 was most pronounced under phosphate limitation.
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1.9c .
Temperature
Increasing incubation temperature can reduce plasmid 
stability. At a fixed growth rate of 0.3 pBR322
became progressively less stable as the temperature was 
increased from 30®C to 42®C (Wouters et al., 1980). This 
could possibly be due to variations in the stability of 
RNA I, RNA II and the Rop protein at different 
temperatures.
Section 1.10 The use of culture svstems for studving 
plasmid stabilitv and their application 
to stabilitv maintenance.
Most plasmid stability studies are carried out in 
continuous culture. This is because in batch culture the 
small number of generations which occur are insufficient 
for instability to be displayed fully, and hence be 
quantified. Therefore most plasmids have been found to be 
stable in batch culture but unstable in continuous 
culture (Wouters et al., 1980; Noack et al., 1981; Jones 
and Melling, 1984). An exception is pHSG415 which was 
unstable in batch but stable in continuous culture 
(Caulcott et al., 1987).
Using continuous culture the growth rate can be 
controlled independently of other parameters. Also the 
medium can be chosen to give a required nutrient 
limitation. Hence for stability maintenance a high growth 
rate (dilution rate) and a certain predetermined nutrient 
limitation can be employed (see section 1.9b).
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Two stage continuous culture has been used to minimise 
the instability problems of high expression on a 
derepressed plasmid (Siegel and Ryu, 1985). In the first 
stage cells were grown in the repressed state and product 
expression was induced in the second stage for more than 
48 hours. The same method was applied by Brown et al. 
(1987). Productivity was maintained for over 170 hours.
An auxostat is a continuous culture in which the 
concentration of a component of the culture is 
predetermined and all other parameters adjust 
accordingly. These systems are developing and there are 
plans to use them to study the dynamics of plasmid 
segregation (Fraleigh et al., 1989).
Section 1.11 The influence of growth rate on gene 
expression.
1.11a .
The effect of growth rate on DNA concentration
The concentration of DNA per unit of cellular biomass 
falls as growth rate increases (Mandelstam et al., 1982). 
This observation can be explained by consideration of the 
main periods defined in the bacterial division cycle. The 
C period is the time taken for chromosome replication. 
This is a constant time of about 4 0 minutes. It is 
followed by the D period which is a constant time of 
about 20 minutes, after which the cell divides. In cells 
whose doubling time is less than 60 minutes a round of 
chromosome replication is started during the D period of 
the previous cycle. For cells whose doubling time is less 
than 40 minutes, chromosome replication also occurs in
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the D period, but also rounds of replication start before 
previous rounds are completed. This gives rise to multiple 
replication forks on a bacterial chromosome. The D period 
limits bacterial doubling time to about 20 minutes in E. 
coli and is the rate controlling step for bacterial 
growth rate. There is a steep increase in mean cell size 
as growth rate is increased (see Mandelstam et al. (1982) 
for a thorough explanation). There is a steady decline in 
DNA concentration with increasing growth rate, due to 
cell size increasing as replication of DNA lags behind. 
The result is a lower concentration of DNA per unit of 
biomass but a higher concentration per cell (Churchward 
et al,, 1982). In a random exponential culture there will 
always be more copies of genes near the origin than of 
genes near the terminus (Churchward et al , , 1982 ;
Mandelstam et al,, 1982). The steepness of this gradient 
of "relative gene dose" increases with increasing growth 
rate. There is no change in the concentration of genes 
near the chromosome origin (per unit of biomass) but 
there is a decrease in the relative concentration of 
genes near the terminus. The average concentration of 
genes at intermediate positions falls by intermediate 
amounts. Thus it might be expected that genes whose 
products are normally rate limiting for growth would be 
located close to the origin. This may be why the six 
copies of the gene coding for rRNA are clustered around 
the origin (Bachmann, 1983).
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1.11b .
RNA polymerase
The next molecular species involved in growth is DNA- 
dependent RNA polymerase. The rate of synthesis of RNA 
polymerase enzyme core (ap), relative to total protein 
has been found to be balanced with the growth rate. The 
equation describing the relationship is: ap (%) = 0.1 ii 
+ 0.45 ( jLt in gen/ hr ) (Iwakura et ai., 1974 ). The
structural genes for the main subunits are located close 
to the origin of replication (Bachmann, 1983). Hence the 
increase in concentration may be due to a gene copy 
increase as explained above.
The rate of RNA polymerase synthesis is independent of 
DNA concentration (Churchward et ai., 1982).
1.11c .
Stable RNA
A major fraction of RNA polymerase is involved in 
synthesis of rRNA and tRNA (Travers et ai., 1983). The 
synthesis rate of these stable RNA species (t and rRNA) 
increases roughly in proportion to the square of the 
growth rate (Maaloe, 1969; Kjeldgaard and Causing, 1974). 
By contrast bulk mRNA including mRNA encoding ribosomal 
proteins increases in direct proportion to growth rate 
(Causing, 1977). The evidence of Travers et ai., 1983 
suggests that the squared relationship for stable RNA 
production is due to the presence of extra binding sites 
for RNA polymerase. In addition to the primary binding 
site (initiation site) there is a weak secondary site and
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multiple weak tertiary sites. As discussed below amino 
acids also control transcription and for tyrT tRNA the 
growth rate and amino acid control mechanisms share a 
common target molecule, probably RNA polymerase (Travers 
et al., 1986).
Synthesis of ribosomal proteins also increases with 
growth rate (Miura et al., 1981).
Stable RNA production is also regulated by amino acid 
availability. Starvation for a required amino acid 
results in a drop by a factor of 10 in the transcription 
rate of most stable RNA genes (Stomato and Pettijohn, 
1971; Ryals et ai., 1982). The effecter of this stringent 
response is believed to be the nucleotide guanosine 3' 
diphosphate 5' diphosphate (ppGpp) (Cashel and Gallant, 
1969) whose concentration in vivo is inversely correlated 
with the rate of stable RNA transcription (Ryals et ai. , 
1982). In vitro ppGpp inhibits transcription of stable 
RNA (Travers et ai., 1970; Yang et al., 1974; van Ooyen 
et ai., 1976) by reducing the extent of RNA chain 
initiations (van Ooyen et ai., 1976). The strain used in 
the present study was relA^, hence a stringent response 
is expected.
Transcription of cistrons encoding rRNA on the E. coli 
chromosome is initiated from two tandem promoters. The 
expression of the rRNA cistrons is regulated in response 
to growth rate as well as to aminoacyl tRNA availability. 
The rate of rRNA synthesis was shown to be dependent on 
the properties of the two tandem rRNA promoters (Glaser 
et ai., 1983).
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l.lld . 
mRNA
The concentration of bulk mRNA, including mRNA encoding 
ribosomal proteins, increases in direct proportion to 
growth rate (Gansing, 1977). In general, transcription is 
limited by the concentration of functional RNA polymerase 
in the cytoplasm. Since this value increases with growth 
rate, so will transcription. The mRNA chain elongation 
rate does not vary significantly with growth rate (Lee 
and Bailey, 1984a).
The stability of mRNA is an important factor in 
regulation of gene expression. The stabilities of ompA 
and cat genes are dependent on growth rate (Nilsson et 
al., 1984). Reduced growth rate gave reduced half lives.
The half lives of the transcripts of the Ipp and bla 
genes, however, are constant over a broad range of 
doubling times. In general half-life of mRNA is growth 
rate independent. This shows that for different genes 
there are differences in the relationship of the 
stability of the transcript to variations in growth rate.
1.lie .
Protein translation
Studies of gene expression as correlated to growth rate 
have been elucidated for some important opérons in E, 
coli as outlined below.
The level of 6 phosphogluconate dehydrogenase (gnd) is 
positively correlated with growth rate. The regulation 
appears to be mediated by a post transcriptional
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mechanism (Baker and Wolf, 1983). Nasoff at ai., (1984) 
found regulation was not by attenuation. Carter-Muencheu 
and Wolf (1989), found the growth rate regulation was 
mediated by an internal control element which appears to 
function as a cis-acting antisense RNA.
Expression of the chromosomal B-lactamase gene of E. coli 
{ampC) increases with increased growth rate. This is due 
to attenuation of transcription (Grundstrom and Normark,
1985).
Expression of the histidine operon in E. coli, is
correlated with growth rate (Perel'man, 1988). ppGpp was
shown to be a positive regulator of his in E. coli.
Proteins whose in vivo levels show no significant 
alterations with changes in cell doubling time must be 
synthesised at rates that vary in direct proportion to
the growth rate (Nilsson et al., 1984).
In general a faster growth rate causes a larger cell 
volume and an increased concentration of RNA. There is an 
increase in DNA and protein concentrations per cell with 
increased growth rate. The overall concentrations of DNA 
and protein, however, appear to fall. This is due to the 
marked increases in cell size and RNA concentration 
(Herbert, 1961; Churchward et al., 1982).
l.llf .
The effect of growth rate on plasmid gene expression.
The effects of growth rate on expression of a plasmid 
gene can be assumed to be the same as for chromosomal
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genes. Relative gene dosage effects due to replication 
fork distribution are not considered due to the small 
plasmid size. Hence in general a higher growth rate will 
lead to increased rates of gene expression. However 
overall specific activity is often lower at high growth 
rate due to a lowered copy number. This was found for 
pMBl-type plasmids expressing B-lactamase (Seo and 
Bailey, 1985). However the ratio of product activity to 
copy number declined with increasing plasmid content. An 
explanation for this, based on the literature reviewed in 
this section would be that gene expression was reduced at 
the lower growth rates found for higher copy number 
plasmids. Hence, although the relative gene dose was 
higher, the reduction in RNA polymerase concentration and 
in the quantity of ribosome and tRNA at the lower growth 
rate reduced the relative rate of gene expression.
Seo and Bailey (1986), using continuous culture, found 
that copy number of a pMBl-type plasmid exhibited a 
maximum value at a dilution rate of 0.3 H ” .^ This 
resulted in a maximum value for product (B-lactamase) 
activity at the same dilution rate and a maximum 
productivity value (units/ml . H) at a dilution rate of
0.44 H“ .^ An optimum specific growth rate for
productivity was suggested in mathematical modelling 
studies of E. coli containing plasmid lambda dv (Lee and 
Bailey, 1984a).
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Section 1.12 The effects of plasmid carriage on growth 
kinetics.
1.12a .
Growth rate.
A number of closed culture studies have all shown that 
natural plasmid-containing microbial populations have 
lower maximum specific growth rates than plasmid-minus 
populations (for a short review see Godwin and Slater, 
1979).
For antibiotic resistance plasmids in drug-free 
environments the plasmid is redundant and environmental 
pressures could then discriminate against plasmid 
containing organisms, since synthesis and replication of 
the plasmid utilises elemental and energy resources which 
otherwise might be diverted to biomass production and a 
high growth rate. The principle was demonstrated by 
Zamenhof and Eichhorn (1967) who showed that amino acid 
auxotrophs of Bacillus subtilis had a marked growth rate 
advantage over isogenic prototrophic strains under carbon 
limited growth conditions. Furthermore, the greater the 
number of biosynthetic sequences dispensed with by the 
auxotroph the greater was its growth rate advantage over 
the prototroph. Conversely organisms which wasted growth 
nutrients, for example, by overproducing and excreting an 
amino acid, were at a competitive disadvantage (Zamenhof 
and Eichhorn, 1967; Baich and Johnson, 1968).
Imanaka and Aiba (1981) found that the greater the 
expression from recombinant plasmids the more segregants
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tended to appear. The instability was explained by the 
higher growth rate of P“ cells resulting in their 
enrichment in the culture. Similar results were reported 
by Kim and Ryu (1984). Siegel and Ryu (1985) also found a 
reduction in specific growth rate as productivity from 
plasmid encoded gene expression was increased. The stress 
on the physiology of the host from natural or recombinant 
plasmids is sometimes referred to as the.metabolic burden 
(Atai and Shuler, 1986). The stress is assumed to be due 
to the extra maintenance requirements resulting from 
plasmid specified DNA, RNA and protein production. Brown 
at al. (1987) found that the instability of plasmids
which constitutively express heterologous proteins was 
due to high level translation of recombinant gene 
products. The maximum specific growth rate of E. coli 
strains containing such plasmids was reduced by up to 
30%. Caulcott at al. (1985) found that the instability
of a prochymosin expressing plasmid was due to a high 
level of translation and not due to transcription alone. 
Seo and Bailey (1985) measured the growth rates of E. 
coli cells containing plasmids of very similar molecular 
weight but with a wide variety of copy numbers. A steady 
reduction in specific growth rate correlated with an 
increase in copy number. The increase in copy number 
correlated positively with specific activity of cloned 
gene product indicating that translation of plasmid 
specified genes may be at least partially responsible for 
reduction in specific growth rate.
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1.12b .
Substrate affinity
Some groups have addressed the importance of substrate 
affinity differences between P**" and P"“ cells (Wouters et 
al. , 1980; Dale and Smith, 1979) . This parameter is of 
importance when considering mixed culture fermentations 
and in studying the growth of mutants in continuous 
culture (Bushell and Slater, 1981; Powell, 1958). Seo and 
Bailey (1985) calculated substrate affinity from their 
experimental data for cells containing plasmids with a 
wide degree of copy number. Although a steady reduction 
in maximum specific growth rate was found with increasing 
copy number, no consistent change in substrate affinity 
was detected. The variation in measured substrate 
affinity values were of a similar order of magnitude as 
the experimental error and so the results could not be 
considered significant. Earlier investigators also 
observed large experimental error in determination of Ks 
(Shehata and Marr, 1971) .
1.12c .
The physiological basis of substrate affinity.
The uptake of glucose in E. coli is via the 
phosphoenolpyruvate : sugar phosphotransferase (PTS)
system (Postma and Lengeler, 1985). It is a multiprotein 
enzyme complex. Substrate affinity may depend on the 
level of these transport enzymes in the cell. This view 
is supported by the modelling work of Button (1983) - an 
increased level of transport enzymes was shown to 
increase substrate affinity. Further evidence has been
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provided by Lengeler (1975) in studies on hexitol 
transport. This view is not supported by the metabolic 
control theory which states; Metabolic control is shared 
by enzymes rather than confined to one rate-determining 
enzyme per pathway. The distribution of control among the 
enzymes depends on the metabolic conditions (Westerhoff 
et ai., 1984). Therefore the theory would regard 
substrate affinity to be dependent on the control of flux 
through central metabolic pathways.
The burden of plasmid gene expression may reduce 
synthesis of enzymes involved in primary and intermediary 
metabolism. The change in metabolic conditions due to 
plasmid expression may affect overall control of the 
pathways. These effects may cause a reduction in the 
magnitude of flux through the central pathways. There 
would be a reduced rate of substrate consumption. Uptake 
rate for substrate would be reduced and therefore the 
measured substrate affinity (Ks) lowered.
1.12d .
The effect of plasmid carriage on ATP vield.
The theoretical requirement for ATP (Ymax/ATP) of 
recombinant cells was calculated (Da Silva and Bailey,
1986). The plasmids' effect on host cell metabolism, 
including allocation of precursors, energy reserves, 
major enzymes etc were accounted for. A cell with a copy 
number of 100 and product expression at 50% of cell 
protein requires 68% more ATP than a plasmid free cell. 
The recombinant cell used here for calculations is an 
extreme case, product expression is so high that growth
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would have ceased, but the detrimental effect, in terms 
of metabolic stoichiometry, are illustrated. Similar 
effects on Ymax/glucose and Ymax/02 were demonstrated. 
The values are maximum theoretical values and did not 
take into account maintenance requirements, which are 
likely to be greater for plasmid carriage.
Section 1.13 Mathematical modelling of recombinant 
cultures
A relatively recent consequence of advances in molecular 
biology has been the formulation of mathematical models 
to describe the growth and behaviour of recombinant 
microorganisms. Growth models are generally classified as 
structured when various molecular mechanisms are included 
or unstructured when modelling details are limited to the 
cellular level. Models may also be classified as single­
cell or unsegregated models in which all cells are 
assumed to be homogeneous, and population or segregated 
models where cell to cell variations are considered. 
Ultimately, similar models will be used to optimise, 
design and control fermentation processes. For the 
moment, however, models are being used to formulate 
hypotheses concerning the dominant rate-determining 
mechanisms and the testing of these hypotheses by 
comparing simulated and experimental results.
1.13a .
Unstructured models
One of the earliest unstructured models to describe 
plasmid instability was formulated by Imanaka and Aiba
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(1981). It was based on experimental studies in which the 
typical case was found to be that growth rate of P” cells 
was greater than the growth rate of P"*" cells. Segregation 
was the other factor taken into account. They considered 
that a simple network for such a mixed culture of P"^  and 
P“ cells could be represented by three "reactions";
P"*"----   > (2-c)P'*'
(2)
cP“
■> 2P”
where and /x”* = growth rate of P"^  and P” cells 
respectively
c = the (small) probability per generation 
of P^ cells that plasmid loss will occur
The model was used to predict the proportion of P^ and P”
cells after 25 generations in batch culture at different
c and P’**/P" values. The model employed the basic kinetic
equation describing batch growth;
dx 1
/X = —  * - (Pirt, 1975) (3)
dt X
where x = biomass concentration 
t = time (hours)
The model theory was extended to continuous culture where 
it was assumed that /x*^ would equal /x”, the values being 
governed by dilution rate. The model presented in this 
thesis assumes that these values (and values) can
differ. The model was not used by Imanaka and Aiba to 
predict the outcome of stability experiments in 
continuous culture but was purely a theoretical 
derivation. The model equation used the biomass balance
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for chemostat culture: 
dx
—  = (M “ D)X (Pirt, 1975) (4)
dt
where D = dilution rate 
Ollis (1982) and Ollis and Chang (1982) extended the
batch culture model of Imanaka and Aiba (1981) to include
equations describing substrate consumption and product 
formation. The following equations were used:
/X = ----- (Monod, 1942) (5)
Ks + s
where /x^ ax ~ maximum specific growth rate
s = substrate concentration (g/1)
Ks = substrate affinity
The substrate affinity was taken to be equal for P**” and 
P” cells. Substrate affinity difference was taken into 
account in the model presented in this thesis. Growth 
associated and non-growth associated product formation is 
given by the Leudeking-Piret equation:
dP dX"^
—  = nX"^  + m --- ( 6 )
dt dt
where P = product concentration 
X"*” = biomass of P*^  cells 
n and m are constants
P was not included in the substrate balance so that 
product can still form in the stationary phase ie when 
ds/dt = 0. The substrate balance was calculated by Ollis 
and Chang using the following:
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ds 1 dX'*' 1 dX"
- —  = — ---- + —    (7)
dt dt Y” dt
where X"^  or X" = biomass concentration of P"^  or P“ cells 
Y”^ or Y“ = growth yield of P**" or P” cells (grams of 
X"^  or X“ per gram s)
Modelling was performed assuming Y"^  and Y” values were 
equal. The model was not used to simulate experiments but 
was used to demonstrate graphically the dependence of 
instability on segregation rate and growth rate 
difference between P"^  and P” cells. Predictions for 
product formation agreed with common experimental 
observations that inocula with a high population of the 
desired phenotype yield the most product in the absence 
of selection pressure.
Ollis (1982) discussed equations for describing plasmid 
instability in continuous culture. Equations (4) and (5) 
were employed and a new term for the substrate balance 
in continuous culture:
ds r DX"^  DX" DP
[
UA
- — T (8)dt L y-r Y Y,
where Sq and s' = substrate concentration of feed and 
outflow medium respectively 
D = dilution rate 
Yp = product yield
This equation is very similar to that employed by Powell 
(1958) except here both types of cell are assumed to be 
growing at a rate equal to the dilution rate (D) for the 
purpose of substrate balance calculation. Also the 
product term is included. Hence potential difference in 
growth rate (ju) due to difference in and Ks, as
described by the Monod equation (5), are not accounted
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for in the substrate balance.
The model of 011 is (1982 ) predicted the common 
observation that product yields decline with time due to 
plasmid loss. Detailed simulations or predictions were 
not attempted with the model.
The equation of Powell (1958) describing substrate 
concentration in continuous culture accounts for both 
dilution rate and the individual growth rates for each 
cell type. Growth rates and /x” are dependent on the 
respective substrate affinity values of P"^  and P“ cells 
and their M^ax values, as described by the Monod equation 
(5). The equation of Powell is as follows:
^ ’= (S, - s .)0 -
dt Ks*^  + s Y Ks + s
where and X“ are biomass values, Y"*" and Y“ are 
yield values, ^”max maximum
specific growth rate values, Ks and Ks are 
substrate affinity values, of P"^  and P” cells 
respectively.
The equation was derived to describe growth and 
competition in continuous culture when a mutant or 
contaminant arises.
Lauffenburger (198 6) developed a mathematical model for 
ColEl plasmids in order to determine the feasibility of 
using bacteriocin plasmids in preventing instability. 
Equations (4), (9) and the Monod equation (5) were used.
It was assumed that M^ax P^ and P” cells were equal 
but that the Ks values were different. These assumptions 
were based on the experimental observations of Adams et 
al. (1979) where instability was only observed at low
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glucose concentrations. A term for colicin production was 
also included in the model. The predicted dynamic 
behaviour of the model is consistent with the 
observations of Adams et al. (1979) for the colicin- 
producing ColEl plasmid RSF2124. The model predicted that 
stability is more sensitive to growth rate depression 
than to segregational loss frequency and that it is very 
sensitive to dilution rate.
The model of Noack at al., (1984) used equations (4), and
(9), and a segregation term was included. The model 
simulated the typical instability profile in continuous 
culture of pBR325 in various host strains. The model was 
used to calculate growth rate difference between P"^  and 
P“ cells, and the segregation rate under various 
conditions.
Kim and Ryu (1984) derived a model to simulate pVH5 
instability in serially cultivated batch cultures of E. 
coli MV12. Monod kinetics were not used but the model 
combined the following equations describing segregation 
rate and growth rate difference:
Ni
R = ---- (10)
Ni-l
where R = segregation coefficient
= the number of P cells produced 
in i generations.
= total cell number at (i - 1) generation.
G = 2“ +/td- (11)
where G = growth rate ratio
td = generation time of P"^ or P“* cells.
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By fitting experimental data to the model simulation 
approximate values for growth ratio and segregation 
coefficient were determined.
Cooper et al., (1987) developed a mathematical model for
analysing plasmid stability. Kinetic analysis was based 
on the observation (Moser, 1958; Walmsley at al. , 1983;
Caulcott, 1984) that the behaviour of unstable microbial 
populations follows one of three patterns, each of which 
includes an exponential section. By taking the natural 
logarithm of values linear regression techniques can be 
applied to the straight section to determine growth ratio 
and segregation rate. Similar techniques were applied by 
Noack et al. (1984). The model used equation (4) - the
basic kinetic equation for growth in chemostat culture as 
used in the model by Imanaka and Aiba (1981), Ollis
(1982) and Lauffenburger (1986). A segregation term was 
included. The analysis showed that for some plasmids 
growth rate difference, and for others the segregation 
rate, are the major determinants of instability.
1.13b.
Structured models
Elucidation of the mechanisms for plasmid replication, 
transcription and translation have enabled the 
formulation of structured growth models which account for 
kinetic factors at the genetic level.
Lee and Bailey (1984a,b,c) proposed a model for the 
growth of E. coli containing the lambda dv plasmid 
containing a constitutively expressed recombinant gene. 
The model contains equations which express the controlled
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replication of the plasmid via the replication complex, 
an initiator protein and a repressor protein. Equations 
for transcription of the proteins account for both 
synthesis and degradation of mRNA and dilution by growing 
cell size. Transcription frequency of the initiator 
protein is modulated according to concentration of 
repressor protein and operator binding constants. A term 
for read-through frequency of the leaky transcription 
terminator which controls initiator protein transcription 
is incorporated. Equations for translation have terms 
accounting for the analogous reactions to those for 
transcription - synthesis, degradation and dilution. 
Equations describing plasmid replication express origin 
activation by the initiator gene, the subsequent 
replication complex formation and final replication. The 
model also calculates plasmid concentration according to 
cell volume and the number of replication cycles, plasmid 
instability and protein product. Simulations from the 
model showed a decrease in plasmid copy number with 
increase in growth rate. This is consistent with some 
experimental observations for plasmid R1 (Engberg and 
Nordstrom, 1975) and pMBl derivatives (Seo and Bailey, 
1985; Siegel and Ryu, 1985). The product yield per cell 
showed an optimum growth rate value. This is consistent 
with the experimental data of Engberg and Nordstrom 
(1975). The model predicted that plasmid replication 
frequency decreases on growth rate shift up which was 
consistent with simulations for growth rate versus copy 
number. The reduction in copy number caused by shift up 
is associated with increase in cellular concentration of
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cloned gene product. This can be explained by the model 
prediction that transcription efficiency of both plasmid 
and chromosomal genes is higher at lower plasmid copy 
number (due to competition for cellular precursors and 
RNA polymerase (Lee at al., 1985). Also growth rate 
increase is associated with an increase in cellular 
precursors, ribosomes and RNA polymerase (see section 
1.11). This inverse relationship of cellular plasmid 
protein product concentration with copy number was 
predicted for higher copy number (25 to 50 plasmids per 
cell). Below 25 plasmids per cell product concentration 
correlated positively with growth rate.
Although the dependencies of plasmid synthesis on growth 
rate differ for different plasmids, the trend is the 
same suggesting that the relationship may be a 
fundamental property of replication control. Simulation 
results, although based on lambda dv replication control, 
can account for growth rate effects on almost all 
plasmids for which data are available: R1 (Engberg and 
Nordstrom, 1975); pBR322 (Stueber and Bujard, 1982) ; NRl 
(Morris et ai., 1974); F (Pritchard et al., 1975); and 
ColEl (Pritchard and Grover, 1981).
The model of Bailey et al, (1986) contains a molecular
mechanism model for plasmid replication within the 
framework of a structured model for E. coli cell growth 
(Shuler et ai., 1979; Domach et ai., 1984). This model 
was used to evaluate the effect of different numbers of 
plasmids in the cell on growth rate and on cloned-gene 
expression. The model considers competition between
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chromosome and plasmid and their mRNA products for RNA 
polymerase and active ribosomes, respectively. Model 
simulation results are qualitatively consistent with the 
experimental findings of Seo and Bailey (1985). Copy 
number increase (using copy number mutants) caused 
consistent growth rate reduction.
A basic mathematical model for growth of E. coli B/r has 
been formulated (see Shuler, 1985). It is capable of 
predicting changes in cell composition, cell size, cell 
shape and the timing of chromosome synthesis in response 
to changes in external glucose limitation. The model uses 
equations describing molecular events during growth and 
was shown to make predictions close to experimental 
observations. The single cell model was developed into a 
population model to account for asynchrony in a culture 
(Domach and Shuler, 1984). Reasonable correlations with 
experimental data were predicted for washout rates, cell 
yields and numbers, substrate concentration and cell 
sizes for a chemostat at different dilution rates. Ataai 
and Shuler (1986) developed a mathematical model for the 
molecular events controlling replication of ColEl type 
plasmids. This model was incorporated into the basic 
model. The model simulates replication and accurately 
predicts the copy number of ColEl plasmids. The basic 
model is more robust than that used by Lee and Bailey 
(1984b) and the plasmid replication model is based on 
more data than is available for lambda dv replication. 
The model showed good agreement with experimental data 
for stability in continuous culture of pl7 - a pBR322
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derivative containing the tac promoter inserted upstream 
of the 8-lactamase gene.
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2.1.01 Strains of Escherichia coli K12 used in the study
STRAIN GENOTYPE REFERENCE
MD3 3
DHl
JM109
RV3 08
API
W3110 F , lambda , 
delta(trpEA)2 tnaA2
Deeley and 
Yanofsky (1981)
F~, recAl, endAl, gyrA96, thi-1, Maniatis
hsdR17 (r^ , m%^), supE44, 
relAl~, lambda”
et al. (1982).
endAl, recAl, syrA96, thi, Yanisch-Perron
hsdR17 (r%”,m%^), relAl, supE44, et al. (1985). 
lambda”, delta(lac-proAB),
[F',traD36, proAB, lacl^ 
delta(lacZ)M15]
lambda”, F”, RV308, strR, gal3 05 Genentech
Patent strain. 
ATCC31608
W3110, lambda” F , tnaA2 This study
Strains MD33, DHl JM109 and RV308 were kindly supplied by 
Apcel Ltd (Celltech Ltd). API was derived from MD3 3 and 
made prototrophic by PI transduction as described in 
section 4.
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2.1.02 Plasmids used in the study
Plasmids were supplied in host strains as listed below.
1. E, coli DHl(pSClOl)
2. E. coli DHl(pIMS1011 + pSClOlIacJ^)
3. E. coli DHlfpSClOllacT#)
4. E. coli MD33(pIMSlOll + pSClOliacT#)
The plasmid and hosts listed above were kindly supplied 
by Apcel Ltd (Celltech Ltd).
71
2 . 1 . 0 3  SOURCES OF MATERIALS
Restriction enzymes and other DNA enzymes were purchased 
from Gibco BRL. The reaction buffer supplied with each 
enzyme was used in the appropriate reaction unless 
otherwise stated. DNA size standards were obtained from 
Gibco BRL. BamHI linkers were obtained from New England 
Biolabs. Scintillation fluid was obtained from Pharmacia 
LKB Ltd. The enzymes lysozyme, RNase A and 
proteinase K were obtained from Sigma Ltd. Chemicals 
(Analar grade) were purchased from BDH Ltd. Growth media 
were purchased from Oxoid Ltd.
2.1.1 MOLECULAR BIOLOGY AND GENETICS, BUFFERS 
AND SOLUTIONS
2.1.1a TE buffer: lOmM Tris.HCl, pH 8.0, ImM EDTA
2.1.1b RNase A buffer: lOmM Tris.HCl, pH 7.5, 15mM NaCl
2.1.1c Proteinase K (PK) buffer: 200mM Tris.HCl, pH 7.5, 
25mM EDTA, 300mM NaCl, 2% SDS.
2.1.Id PI buffer: lOOmM MgSO^, 5mM CaCl2
2.1.le Agarose gel electrophoresis buffers:
1. Tris Borate buffer (TBE Buffer):
90mM Tris pH 8.2, 90mM boric acid, 2.5mM EDTA.
2. Tris Acetate buffer (TAE Buffer):
40mM Tris, 20mM Na acetate, ImM EDTA. The pH 
was adjusted to 8.2 with acetic acid.
2.1.If PAGE-SDS gel electrophoresis solutions
A. 30% acrylamide + 0.8% m-bisacrylamide:
150g acrylamide + 4g m-bisacrylamide to 500ml
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deionised water, filtered through Whatman no 1.
B. "Lower Tris, (x4)" 1.5M Tris, 0.4% SDS pH 8.8 : 
92.4g Tris + 20ml 10% SDS to pH 8.8 with cone 
HCl, volume to 500ml with deionised water.
C. "Upper Tris" :
30.3g Tris + 20ml 10% SDS to pH 6.8 with cone 
HCl, to 500ml with deionised water.
D. "Tank buffer (x4)" :
30g Tris + 144g glycine in 2.5 litres deionised 
water, 250ml mixed with 740ml deionised water and 
10ml 10% SDS.
E. "2x SDS-sample buffer" :
1ml glycerol + 0.5ml 2-mercaptoethanol + 3ml 10% 
SDS + 1.25ml "Upper Tris" + "sufficient" 0.2% 
bromophenol blue (about 5-10 drops).
F. "Lower Gel" : (15% gel) 9.42ml deionised water
+ 10.0ml "Lower Tris (x4)" + 20.0ml 30% acrylamide 
+ 0.8% m-bisacrylamide.
G. "Upper Gel" : 12.7ml deionised water + 5ml 
Upper Tris + 2ml 30% acrylamide + 0.8% 
m-bisacrylamide.
2.1.1g Large scale plasmid preparation.
A. cell suspending solution: 25% sucrose in 0.05M 
Tris.HCl, pH 8.0. The sucrose was "sterilised" by 
adding to the Tris.HCl solution when at 80°C 
after autoclaving.
B. lysozyme solution: 20mg/ml in 0.25M NagEDTA, 
pH 8.0
73
c. Brij/Doc solution: 1% Brij 58, 0.4% Na 
deoxycholate in O.OIM Tris.HCl, O.OOIM NagEDTA, 
pH 8.0
2.1.1h Small scale plasmid preparation.
A. Lysis solution: 2mg/ml lysozyme in 0.025M 
Tris.HCl pH 8.0, O.OIM EDTA and 0.05M glucose
B. alkaline SDS: 1% SDS in 0.2M NaOH
2.1.1i Kushner transformation.
A. O.OIM MOPS, O.OIM RbCl pH 7.0
B. O.IM MOPS, 0.05M CaClg, O.OIM RbCl pH 6.5
2.1.1] Southern blots, "dot blots".
A. Denaturing solution: 0.5M NaOH, 1.5M NaCl
B. Neutralising solution: 0.5M Tris.HCl pH 7.4,
3M NaCl
C. SSC: 0.15M NaCl, 0.015M sodium citrate
2.1.1k Hybridisation solutions.
Prehybridisation solution: 6.25ml 20 x SSPE,
1.25ml 100 X Denhardt's solution, 1.25ml 10% SDS 
20 X SSPE: 3.6M NaCl, 0.2M sodium phosphate,
0.02M EDTA pH 7.7
100 X Denhardt's solution: 2% (w/v) BSA (bovine 
serum albumin), 2% (w/v) Ficoll, 2% (w/v) 
polyvinylpyrollidone
2.1.2 FERMENTATION AND CULTURE MEDIA
2.1.2a Minimal Medium (carbon limited) (Evans at al., 1970)
A. Chemostat culture medium
200g glucose, 31.2g NaHgPO^.2H2O, 107g NH^Cl,
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14.9g KCl, 5.68g NagSO^, 8.4g citric acid (chelate), 
5.08g MgClg.GHgO, 0.05g CaCl2.2H20, 2ml of ImM 
Na2MoO^ and 100ml of trace element solution, made 
up to 201 with deionised water, to pH 7.0 with NaOH. 
Trace element solution: 50ml cone HCl, 2.04g ZnO,
27.Og FeCl3.6H20, 10.Og MnCl2.4H20, 0.85g 
CUCI2 2H2O, 2.38g C0CI2.6H2O, 0.31g H3BO4 in 5 
litres (stock).
B. Batch culture medium.
Same medium as for chemostat culture but 
excluding the NaH2P0,j. 2H2O and addition of 4.33g 
Na2HP0 ,^ 3.04g NaH2P0^.2H20 per litre (pH 7.0 
buffer) . Additions after autoclaving: SOjul of 
20mM CaCl2.2H20 and 2.5ml 20% glucose (w/v) to a 
50ml flask of medium.
2.1.2b L-broth and L-agar.
15g tryptone, 5g yeast extract, 5g NaCl dissolved 
in 1 litre distilled water. For plates 15g of 
bacteriological agar was added per litre.
2.1.2c L-soft agar
L-broth plus 3. 5 g agar per litre.
2.1.2d M9 Medium
A. Na2HP04 6g, KH2PO4 3g, NaCl 0.5g, NH^Cl Ig in 
0.5 litre of deionised water.
After autoclaving 10ml of lOmM CaCl2 were added 
and 10ml of 20% glucose.
B. 15g bacteriological agar in 0.5 litre 
distilled water. After autoclaving mix A and B.
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2.1.3 MEASUREMENT OF CELLULAR COMPONENTS, SOLUTIONS 
AND REAGENTS
2.1.3a Tryptophanase assay (Morino and Snell, 197 0)
Buffer mixture: 5ml 0.48M potassium phosphate 
buffer (0.556g KH2PO4, 10.02g K2HPO4 .3H2O in 
100ml, pH 7.8) 200/xl of 6.1mg/ml reduced 
glutathione, 200/xl of 1.5mg/ml pyridoxal-5 '- 
phosphate, 2.0ml bovine serum albumin (2.5mg/ml),
2.6ml H2O.
Ehrlich's reagent: 5 volumes of 
5% p-dimethylaminobenzaldehyde in ethanol, 12 
volumes of 5% H^SO^ in butan-l-ol.
2.1.3b Protein assay (Lowry et al., 1951)
Lowry A+B solution: 9:1 of A:B
A = 20g Na2C03, 0.5g K-tartrate, 4g NaOH in 1
litre
B = Ig CUSO4.5H2O in 1 litre
2.1.3c B-lactamase assay (O'Callaghan at al., 1972)
0.05M phosphate buffer : 3.04g of NaH2P0 ^ .2H2O
and 4.33g of Na2HP0^.OH2O dissolved in 1 litre 
deionised water.
2.2 METHODS
2.2.1 MOLECULAR BIOLOGY AND GENETICS 
2.2.1a
Restriction enzymes and DNA modifying enzymes were used 
with the recommended buffers supplied by Gibco BRL unless 
otherwise stated. DNA digested with Hindlll, and phiX174 
digested with Haelll were used as DNA standards. Standard
76
molecular biology techniques were used as described in 
Maniatis et ai. (1982).
2.2.1b
Sterilisation. Buffers and other solutions used in 
molecular biology techniques were sterilised at 121°C for 
15 min. When the enzymes lysozyme and proteinase K were 
used they were added after sterilisation of the buffer 
and the resulting solution was not treated further. For 
RNase A solution the enzyme was added to sterilised RNase 
A buffer and held at 100®C for 15 min. The solution was 
then allowed to cool slowly to room temperature and was 
then stored at -20°C.
Flasks of M9 medium (section 2.1.2d) and separate media 
constituents were sterilised by autoclaving at 121°C for 
15 minutes. The separate additions for M9 agar medium - 
the lOmM CaClg solution and the 20% glucose solution 
were added to the M9 agar medium prior to pouring.
2.2.1c
Large scale plasmid preparations were made in E, coli DHl 
or E. coli JM109 as follows: 150ml of L broth containing
lOOjug/ml ampicillin were grown for 3.5 to 4 hours at 37°C 
with shaking at 200 rpm until the ODgoo around 0 .6.
For preparations of pSClOl or pSClOllacJ^ the cells were 
harvested at this stage. For amplifiable plasmids (pFClO, 
pIMSlOll and pIMS1020) chloramphenicol was added to a 
concentration of 170^g/ml and the flask was left shaking 
at 200 rpm for a further 18 hours. Cells were harvested 
by centrifugation (at 4000g for 15 min at 4°C). Cells 
were resuspended in 2.6ml of 25% sucrose in 0.05M
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Tris.HCl, pH 8.0, 0.4ml lysozyme solution was added
(20mg/ml in 0.25M NagEDTA, pH 8.0) and the tube swirled 
intermittently while left on ice for 5 min. 2.6ml of 
0.25M NagEDTA (pH 8.0) was added and the tube swirled 
occasionally. 4ml of Brij/DOC solution (1% Brij 58, 0.4% 
Na deoxycholate in O.OIM Tris.HCl, O.OOIM NagEDTA, pH8.0) 
was added rapidly. The mixture was left on ice for up to 
30 min or until lysis occurred. Cell debris and 
chromosomal DNA was removed by centrifugation at 12000g 
for 45 min at 4®C. Plasmid DNA was further purified by 
density gradient centrifugation in CsCl. CsCl was added 
at the proportion of 0.95 g/ml lysate followed by the 
addition of ethidium bromide solution (2Omg/ml) to a 
final concentration of 600jug/ml. Tubes were centrifuged 
in a Beckman ultracentrifuge using a Ti75 rotor, at 45000 
rpm for 24 to 48 hrs at 18°C, or until well defined bands 
were obtained. The lower plasmid band was removed by a 
syringe and DNA recovered using a modified isopropanol 
precipitation procedure (see also section 2 .2 .1j): to
each 200/il of CsCl solution containing plasmid DNA, 50/xl 
of 3M sodium acetate (pH 5.2), 250/xl deionised water and 
500/xl isopropanol were added. Tube contents were mixed 
and left for 30 mins at room temperature. The tube was 
centrifuged (12000g for 15 min at 4°cj and the slightly 
pink supernatant removed. The pellet was resuspended in 
200/xl water and this extracted with water saturated 
butanol twice. 1/10 of a volume of 3M sodium acetate (pH 
5.2) was added and two volumes of ethanol. The tubes were 
centrifuged at 12000g for 15 mins at 4°C. The pellet was 
resuspended in 200jiil TE and stored at -20°C.
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2.2.Id
Small scale plasmid preparations (Birnboim and Doly, 
1979): 1ml of an over-night culture was pelleted by
centrifugation at SOOOg for 5 mins at room temperature. 
The cell pellet was resuspended in 100^1 of freshly 
prepared lysis solution (2mg/ml lysozyme, 0.025M 
Tris.HCl, pH 8.0, O.OIM NagEDTA and 0.05M glucose), and 
stored 0°C (on ice) for 5 min. 200/xl of alkaline SDS (1% 
SDS in 0.2M NaOH) was added and the tube stored on ice 5 
min. 150/xl 3M Na acetate (pH 4.8) was added and stored 
0°C for 5 min. The tube was centrifuged at 6000g for 5 
min at room temperature. 400^1 of supernatant was removed 
and the DNA in the 400/xl suspension was ethanol 
precipitated as described in section 2.2.li. The pellet 
was resuspended in 50/xl TE and Ipl RNase A solution 
(lOmg/ml) added. The DNA was then ready for restriction 
enzyme analysis and was stored at 4°C.
2.2.le
C h r o m o s o m a l  D N A  p r e p a r a t i o n .  For the copy number 
determination DNA was prepared from E, coli as follows. 
Cells of strain API were grown over-night in the 
carbon-limited medium of Evans et al. (1970) in batch
culture in a 50ml flask, shaking at 200 rpm, at 37°C to 
an ODgQQ of 8 .0 . 8ml of culture were pelleted and 65^1 
of lysis solution added (same lysis solution used for the 
small scale plasmid preparation in section 2 .2 .Id but 
without lysozyme). The suspension was transferred to a 
1.5ml microcentrifuge tube and 65jLil of proteinase K (PK) 
solution at a PK concentration of 400^g/ml in 2x PK 
buffer (0.2M Tris.HCl, pH 7.5, 0.025M EDTA, 0.3M NaCl and
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2% SDS) were added. The tube contents were aspirated in a 
200/xl pipette tip several times to mix and then incubated 
at 55°C for 1 hour. The suspension was treated by the 
phenol chloroform extraction procedure (section 2.2.Ih). 
The DNA suspension was treated by the ethanol 
precipitation procedure (section 2.2.li). The dried 
pellet was resuspended in 1ml of TE buffer. 8/xl of RNase 
A solution (lOmg/ml) was added and the tube incubated at 
37°C for 2 hrs. The DNA was stored at -20°C prior to use.
2.2.If
W h o l e  c e l l  D N A  p r e p a r a t i o n s  for copy number 
determination. 16ml of cells were diluted to an OD^QQ of 
0.5 in Ringer's solution. The suspension was centrifuged 
at 3500g at 4°C and the pellet resuspended in 200/il of PK 
buffer (O.IM Tris.HCl, pH 7.5, 12.5mM EDTA, 0.15M NaCl 
and 1% SDS) containing 200^g/ml proteinase K. Tubes were 
incubated at 55°C for 2 hours. The lysate was sheared by 
passage through a 23G needle several times and then 
phenol/chloroform extracted (section 2.2.Ih). The 
phenol/chloroform was re-extracted with TE buffer to 
remove all DNA and the aqueous layers pooled. The DNA was 
then ethanol precipitated (section 2.2.li). The pellet 
was washed with 70% ethanol, dried, and resuspended in 
100/xl of TE buffer. 1/xl of RNase A solution was added 
(lOmg/ml). Samples were then ready for restriction enzyme 
digestion.
2.2.Ig
DNA extraction from agarose gels. DNA was extracted from 
agarose gels for probe preparation with the Geneclean kit
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(Bio 101). With this method the upper limit of DNA size 
that can be purified is lOkb. The method does not work 
well with DNA below 400bp in length. Ijil of "glass milk" 
is sufficient for 5/xg of DNA. The DNA "band" required was 
excised from the agarose gel under UV light with the 
minimum amount of agarose. The agarose was weighed and 
2.5 volumes of the kit sodium iodide solution added. The 
tube was vortexed and incubated 55°C for 5min. 5/xl of 
glass milk suspension was added and the tube contents 
vortexed. The tube was incubated at 55°C for 5 min, 
placed on ice for 5 min, centrifuged for 5 seconds at 
12000g at room temperature in a microcentrifuge and then 
decanted. The glass milk particles were washed with 200/il 
of the kit "new wash buffer", the tube vortexed, 
centrifuged at 12000g for 5 seconds at room temperature 
and the buffer decanted. This was repeated twice. To 
elute the DNA fragment from the glass particles 6/il of TE 
buffer was added and the tube vortexed. The tube was 
incubated at 55®C for 2.5 min, the tube was then 
centrifuged at 12000g for 5 seconds at room temperature 
and the supernatant kept. The elution was repeated twice 
and supernatants pooled. The pool was centrifuged at 
12000g for 5 seconds at room temperature to finally 
remove all traces of glass milk and the supernatant was 
stored. A sample of supernatant (2/xl) was examined by gel 
electrophoresis to estimate the DNA concentration.
2.2.Ih
Phenol chloroform extraction. This is to remove proteins. 
Phenol means phenol equilibrated with TE buffer and 
containing 0 .1% hydroxyquino1ine and 0 .2 % 2 -
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mercaptoethanol (see Maniatis at al., 1982). An equal
volume of phenol was added to the DNA suspension being 
treated, in a microcentrifuge tube. This was mixed to 
form an emulsion, centrifuged for 15 seconds at 1500g in 
a microcentrifuge at room temperature and the aqueous 
layer removed to a fresh tube. The process was repeated 
with 50:50 phenol: chloroform and then with chloroform to 
remove all of the phenol. The aqueous suspension was then 
treated by the ethanol precipitation procedure (section 
2.2.li)
2.2.li
Ethanol precipitation: The concentration of monovalent 
cations was adjusted by addition of Na acetate solution 
to give a final concentration of 0.25M after ethanol 
addition, or by addition of NaCl solution to give O.IM 
NaCl concentration after ethanol addition (see Maniatis 
et al., 1982, page 461). 2 volumes of the ethanol (at
-20°C) were added and the tube was centrifuged at 12000g 
for 15 min at 4°C. The pellet was resuspended in 100/i 1 
O.IM ammonium acetate (pH 6.0), 200/xl ethanol was added 
and the tube centrifuged at 12000g for 15 min at 4°C. The 
DNA "pellet" was vacuum dried for 10 minutes and 
resuspended in TE buffer (ie 50 - 100/xl) .
2 . 2 . 1 j
Isopropanol precipitation. This was used to separate 
large DNA fragments from excess linkers, and from 
digested linkers. Sufficient EDTA was added to chelate 
any divalent cations present eg O.S/zmoles of EDTA for
0.15/xmoles of MgClg in the ligase buffer. 0.4 volumes of 
5M ammonium acetate and 2 volumes of isopropanol were
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added. After 10 min at room temperature the DNA was 
recovered by centrifugation at 12000g for 10 min.
2.2.1k
Restriction enzyme digests:
1. Digestion of pSClOllacJ^ with EcoRI.
Reaction mixture:
20/xl pSClOliacI^ (40/xg as determined by ODggg)
6/xl lOx reaction buffer 
7/xl EcoRI (10 U//X1)
27jLil s t e rile d e i o n i s e d  w a t e r
The reaction tube was incubated at 37°C for 2 hours. The 
enzyme was then deactivated by incubating the tube at 
7 0°C for 5 min. The DNA was stored at 4°C before use.
2. Digestion of pIMSlOll with BamHI.
Reaction conditions :
10/xl pIMSlOll (250ng/^l as determined by ODggg)
2jLtl lOx reaction buffer 
7/xl sterile deionised water 
1/xl BamHI (10U//xl)
The reaction tube was incubated at 37°C for 1 hour. The 
enzyme was then removed by phenol/chloroform extraction 
(section 2.2.Ih) and the DNA further purified by ethanol 
precipitation (section 2.2.li). The DNA was resuspended 
in 20/xl of TE buffer. The DNA was stored at 4°C before 
use.
3. Digestion of BamHI linkers 
Reaction conditions:
24/xl 1. 7kb fragment with BamHI linkers attached (from 
section 2.2.In) (250ng)
3/xl lOx reaction buffer 
3/xl BamHI (10U//xl)
The tube was incubated at 37°C for 1 hour. The reaction 
mixture was treated by the phenol/chloroform extraction
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procedure (section 2.2.1h) and the DNA purified by 
isopropanol precipitation (section 2.2,lj). The DNA was 
stored at 4®C before use.
4. Digestion of plasmids in restriction enzyme analysis: 
For analysis of pFClO structure or in pIMS1020 digestion 
the plasmids pFClO, pSClOl, pSClOllacT#, pIMSlOll and 
pIMS1020 were digested in reaction mixtures of which the 
following is typical:
25/xl plasmid DNA suspension (containing 5/xg DNA)
3/il lOx reaction buffer
2/xl restriction enzyme containing 10 units
The reaction tube was incubated at 37°C for 1 to 2 hours. 
If agarose gel electrophoresis of a sample indicated 
incomplete digestion then a further 1/xl of restriction 
enzyme was added and the reaction incubated a further 1 
hour.
5. Digestion with 2 restriction enzymes ("double 
digests"):
The plasmid DNA was digested with one enzyme to 
completion as in 2.2.1R4 above. If the second enzyme was 
highly active in the buffer present in the mixture then 
1/xl of the second enzyme (5 to 10 units) was added and 
the reaction mixture incubated at 37°C for 1 to 2 hours. 
If the enzymes required different buffers then the first 
enzyme reaction mixture was treated by the 
phenol/chloroform extraction procedure (section 2 .2 .Ih). 
The DNA was ethanol precipitated (section 2.2.1i), 
resuspended in TE buffer and digested with the second 
enzyme as in 2.2.1K4 above.
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6 . Digestion of standard quantities of DNA for copy 
number determination.
Reaction mixture for pFClO:
60/xl DNA (10.2/ig pFClO DNA from large scale preparation 
(section 2.2.Ic))
8/xl deionised water 
8/xl lOx reaction buffer 
4/xl Sail (5 U//X1)
37°C, 1 hour
Reaction mixture for chromosomal DNA:
60/xl DNA (73/xg chromosomal DNA prepared as in section 
2.2 .le)
6/xl deionised water 
8/xl lOx reaction buffer 
6/xl Sail (50 U//X1)
3 7 2  hours
7. Digestion of whole cell preparations of chemostat 
samples for copy number determination
Reaction mixture:
43/xl DNA suspension (prepared as in section 2.2. If) 
containing 2.5 to 10/xg DNA in total 
5/xl lOx reaction buffer 
2/xl Sail (50U//X1)
37°C, 2 hours
2.2.11
Filling recessed 3* ends created by EcoRI. The staggered 
termini produced by EcoRI digestion of pSClOllacI^ DNA 
were filled in with the Klenow fragment of DNA 
polymerase. The reaction contained 40/xg of EcoRI cut 
pSClOlIacJ^ in 60/xl, as judged by gel electrophoresis.
Reaction Mixture:
60/xl EcoRI digest of pSClOlIacI^ (40/xg)
5/xl ImM dATP 
5/xl ImM dTTP
5/xl 6U//X1 Klenow fragment
The reaction tube was incubated at room temperature 
(22 °C) for 1 hour. EcoRI buffer was used for the 
reaction which was carried over from the EcoRI digest
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(section 2.2.1kl) (the EcoRI had been inactivated at 70°C 
for 5 min). The DNA was purified by phenol/chloroform 
extraction (section 2 .2 .Ih) and ethanol precipitation 
(section 2.2.li).
2.2.1m
Ligation reaction. Ligation of pIMSlOll, cut with BamHI, 
to the 1.7kb lacl^ fragment (with BamHI linkers attached 
- and linkers digested with BamHI (section 2.2.1k3)). DNA 
samples were diluted to appropriate concentrations in TE 
buffer before use in the reaction.
Reaction conditions:
lOjLil BamHI digested pIMSlOll (concentration = 25ng//il) 
lOjLtl 1.7kb lacl^ fragment (3ng/^l) with digested BamHI 
linkers attached (from section 2.2.Ik3)
2/il sterile deionised water 
3/il lOmM ATP 
3/il lOx ligase buffer 
2fil T4 DNA ligase
The reaction was incubated at room temperature for 24 
hours. The reaction mixture was stored at 4°C prior to 
use in transformation (section 2.2.1x).
2.2.In
Ligation of linkers. The reaction utilised 700ng of EcoRI 
digested 1.7kb lacl^ fragment with filled in recessed 3' 
ends (from section 2.2.11) (purified by phenol extraction 
and ethanol precipitation). The quantity of DNA was 
estimated by electrophoresing a sample of the 1.7kb 
lacl^ fragment DNA by agarose gel electrophoresis 
(section 2.2.1v). The reaction mixture was made up as 
follows:
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21/xl 700ng of 1.7kb lacl^ fragment DNA (with filled in 
ends, section 2.2.11)
2fil T4 DNA ligase (1.5U/^1)
I j L i l  BamHI linkers (l^ g)
3jLtl lOmM ATP
3/il lOx ligase buffer
The reaction was incubated at room temperature for 24 
hours. To remove the ligase the reaction mixture was 
treated by the phenol/chloroform extraction procedure 
(section 2.2.1h) and the 1.7kb DNA fragment purified by 
isopropanol precipitation. The DNA was stored at 4°C 
until required.
2.2.10
P r e p a r a t i o n  of r a d i o a c t i v e  probes. DNA probes were 
prepared using the Multiprime DNA labelling system kit 
(Amersham). 12.5ng of DNA was used. The quantity of DNA 
was estimated by applying a sample to agarose gel 
electrophoresis and viewing the ethidium bromide stained 
gel (section 2 .2 .1v). A standard quantity of lambda x 
Hindlll DNA size standards was electrophoresed in the 
same lane as a comparison. The DNA was purified by the 
Geneclean kit (see section 2.2.1g). The 12.5ng of DNA was 
made up to 10.5/il with deionised water in a screw capped 
microcentrifuge tube. To denature the DNA the tube was 
placed in a boiling water bath for 2 min and then onto 
ice for 5 min. The tube was centrifuged for 5 seconds at 
6000g. 2/il each of the kit solutions of dATP, dGTP and 
TTP were added. 2.5/il of reaction buffer, 2.5/il primers 
and 2.5/il [cc-^^PJCTP were added and 1/i 1 of K 1 enow 
fragment enzyme. The tube was incubated 30 min. To 
denature the probe the tube was incubated at 100°C for 2 
min, placed on ice 3 min and centrifuged at 6000g for 5 
seconds. The radioactive probe was diluted with 0.5ml of
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prehybridisation solution before adding to the 
polyethylene bag (section 2.2.1s).
2.2.Ip
Agarose gel electrophoresis. This was performed using 
either Tris-borate buffer (TBE buffer) or Tris-acetate 
buffer (TAE buffer). Tris-borate buffer was used during 
construction and analysis of plasmid pFClO (section 3). 
Tris-acetate buffer was used for work described in 
section 9 (plasmid copy number analysis). Agarose 
concentrations of 0 .8 , 1.0 or 1 .2% were used on a
horizontal apparatus. The agarose gels were 
electrophoresed at 50, 100 or 150 volts depending on the 
size of the gel apparatus and speed of electrophoresis 
required. The current was not limited. Gels were stained 
with a 1/ig/ml ethidium bromide solution for 10 minutes 
and de-stained for 30 to 60 minutes. Either standard size 
or "minigel" size apparatus was used. Photography was 
performed on a UV transi 1luminater with a polaroid 
camera.
2.2.iq
Southern Blots. Transfer of DNA from agarose gels to 
nitrocellulose filters was performed as follows: After 
photography of the gel it was immersed in 0.5M NaOH, 1.5M 
NaCl (denaturing solution) and left 60 min. This 
denatures the DNA fragments. The gel was transferred to 
0.5M Tris.HCl pH 7.4, 3M NaCl (neutralising solution) and 
left 60 min to neutralise alkali. The gel was immersed in 
2x SSC (0.3M NaCl, 0.03M sodium citrate) briefly and 
placed onto a sheet of Whatman 3MM paper soaked with 2x
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SSC. The gel was surrounded by plastic spacers. The gel 
plus Whatman paper was placed on a sheet of Whatman 3MM 
paper (supported on a glass plate) soaked in 2Ox SSC with 
its ends within a reservoir of 2Ox SSC. A piece of 
nitrocellulose filter was wetted with 2x SSC and placed 
on the gel without entrapping bubbles or overhanging. 
Several sheets of 2x SSC soaked 3MM paper were placed on 
top without bubbles and finally 3 inches of blotting 
paper with a weight on top. DNA transfer took 16 hours. 
The filter was air dried and baked for 2 hours at 80°C.
2.2.Ir
Preparation of "dot blots". 50/tl of DNA sample in TE 
buffer were heated to 95°C and an equal volume of 20x SSC 
added. 20 to 80/il was applied to a single well of a dot 
blot apparatus. The liquid was drawn through by suction 
leaving the DNA bound to the nitrocellulose filter. 25/xl 
of lOx SSC were applied to dislodge any small drops stuck 
to the sides of the wells. After transfer of all DNA 
samples (up to 96 wells) the filter was placed in 
denaturing solution and then neutralising solutions (as 
used in section 2.2.Iq) and baked as for Southern blots 
in section 2.2.Iq.
2.2.Is
Hybridisation of filters from dot blots or Southern blots
(Amersham Hybond membrane procedure). The filter was 
placed in a heavy duty polyethylene bag with 
10ml prehybridisation solution containing 500/ig/ml 
denatured salmon sperm DNA. The bag was shaken gently in 
a waterbath for 1 hour. Denatured hybridisation probe 
was added and mixed into the bag contents. The bag was
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incubated in a 65®C water bath for 16 hours. The bag was 
washed with 3x SSC +1% SDS and the filter washed twice in 
3x SSC + 1% SDS, twice in Ix SSC + 1% SDS, twice in 0.1 x 
SSC + 1% SDS and finally once in 0.5 x SSC without SDS. 
The filter was air dried prior to autoradiography.
2.2.It
Autoradiography. Filters with the radiolabelled dot blots 
or radiolabelled DNA bands from the Southern blots were 
autoradiographed on preflashed Fuji film at -7 0°C: the 
nitrocellulose filter was wrapped in Saran plastic film 
and a piece of preflashed film placed next to it in an X- 
ray cassette. The cassette was closed and wrapped in 
black plastic sheeting and stored at -70®C for 2 to 12 
hours depending on the activity as judged by a hand held 
monitor.
2.2.lu
Scintillation counting. Radiolabelled dot blots were 
analysed by scintillation counting. The spots were cut 
individually from filters and immersed in Optiscint 
Highsafe liquid scintillant. The radioactivity associated 
with each spot was measured using the appropriate energy 
window on a LKB scintillation counter.
2 . 2 . 1 V
Quantification of DNA. DNA quantification for use in 
enzyme reactions and for copy number standards was 
performed with a Philips PU8820 UV/VIS spectrophotometer 
at 260 and 280nm (Maniatis et ai., 1982). An ODggQ of 1.0 
was taken to be equivalent to a DNA concentration of 
50/tg/ml. At times DNA concentration was estimated by
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comparing a DNA band with a known weight of lambda x 
Hindlll DNA markers, as determined by ODg^g measurement, 
eg prior to radioactive DNA probe preparation (2.2.1o).
2.2.1W
PI Transduction (Clowes and Hayes, 1968). A PI phage 
suspension was centrifuged at 3500g for 5 minutes at 4°C 
and the supernatant was passed through a 0.22/im filter to 
remove any remaining bacterial cells. The suspension was 
assayed using alternating 1/3 and 1/10 -fold dilution 
steps in 0.85% NaCl. 0.2ml of starter dilution and 0.2ml 
of overnight donor culture were added to 7ml of L-soft 
agar containing ImM CaCl2 - Tubes were mixed and poured on 
L-agar plates and the plates incubated at 37°C for 18 
hours. Two plates showing semi-confluent lysis were used 
for harvesting of donor lysate. 5ml of PI buffer (O.IM 
MgSO^, 0.005M CaClg) were poured on and plates incubated 
at room temperature for 15 minutes. The sloppy agar and 
buffer mixture were removed and centrifuged at 3500g for 
30 min at 4°C. The supernatant was filtered through a
0.22jum membrane filter to remove all traces of bacterial 
cells. The donor lysates were titrated on the donor using 
the same method as for the starter suspension. The 
highest titre was 3x10^^ PFU/ml. This lysate was used to 
infect the recipient strain (MD33). 5ml of an overnight 
culture of MD33 were added to 80ml of L-broth and shaken 
2 hours at 37°C. At an OD^qq of 1.0 the cells were 
concentrated 10-fold by centrifugation at 3500g for 10 
min at 4°C. The cells were resuspended in L-broth 
containing ImM CaClg. This 10 x concentrated recipient 
suspension (assumed to be 10^ CFU/ml) was infected with
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donor lysate at a predicted multiplicity of infection 
(MOI) of 0.01, 0.1 and 1. A MOI of 0.1 is required
because if the MOI is too high transductants may be lysed 
or be infected with a virulent phage and be lysed. 
Calculated values around this were used to be sure of 
success. Appropriate volumes of dilutions of donor lysate 
were added to 1ml aliquots of 10 x concentrated recipient 
suspension. Tubes were incubated at 37°C for 10 minutes 
and cells washed twice in 0.85% NaCl (after 
centrifugation at 6000g for 1 min at room temperature) 
and resuspended in 0.2ml of NaCl - Na citrate solution 
(0.85% NaCl, 1% Na citrate). 0.1ml samples were plated on 
selective media. Recipients without phage addition, and 
the donor lysate were plated as controls. A viable count 
of the 10 X concentrated recipient suspension was 
performed. The selective medium was M9 agar. The 
transduction of streptomycin resistance was also 
investigated as a further control. The same method was 
used except that after incubation of donor lysate and the 
recipient together for 10 min at 37°C, the cells were 
washed twice in 0.85% NaCl, resuspended in 1ml L-broth 
and incubated at 37°C for 30 mins to allow for gene 
expression. The cells were resuspended in 0.2ml NaCl - Na 
citrate solution and 0.1ml aliquots spread on L-agar 
containing 100/tg/ml streptomycin.
2.2.Ix
Transformation of E. coli with plasmid DNA (Kushner, 
1978). 0.1ml of an overnight culture was inoculated into 
20ml of L-broth. The flask was shaken at 200rpm at 37°C 
until the OD^^q was approximately 0.15. 1.5ml aliquots
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of the cells were centrifuged at 3000g at 4°C for 1 min. 
The cell pellets were resuspended at 0°C in 0.5ml of 
O.OIM MOPS, O.OIM RbCl pH 7.0 and cells recovered by 
centrifugation at 3000g at 4°C for 1 min. Cells were 
resuspended in 0.5ml of O.IM MOPS, 0.05M CaClg, O.OIM 
RbCl pH 6.5 and stored at 0°C for 60 min. Cells were 
centrifuged at 3000g at 4®C for 1 min and resuspended in 
0.2ml of O.IM MOPS, 0.05M CaClg, O.OIM RbCl pH 6.5. 2 - 
3jLtl of DNA (30ng, eg. from ligation reaction, section 
2.2.1m) were added to each of 2 tubes of competent cells 
and incubated at 0°C for 30 to 45 min. Cells were heat 
shocked at 45®C for 30 seconds, put on ice and then mixed 
with 2ml L-broth and incubated at 37®C for 2 hours.
0 .1ml aliquots were plated on appropriate antibiotic 
plates which were incubated at 37°C for 18 hours.
2.2.ly
SDS-PAGE gel electrophoresis.
1. Culture and sample preparation:
The cultures used to indicate tryptophanase induction 
were prepared as follows: a 10ml tube of L-broth
containing 500/xg/ml ampicillin was inoculated with a 
colony of API(pFClO) from an L-agar plate containing 
100/tg/ml ampicillin. The culture was incubated at 37 °C 
with shaking at 200 rpm. When the O D ^ q q  reached 0 . 8  the 
10ml culture was aseptically split into two 5ml volumes. 
One culture was induced with IPTG to 0. ImM final 
concentration (by addition of lO/il of 50mM IPTG) and the 
other had no addition. The two cultures were incubated 
for 1 hour at 37°C with shaking at 200rpm. 1ml of each 
culture was centrifuged in a microcentrifuge at 12000g
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for 1 min at room temperature. Each cell pellet was 
resuspended in 200/il of 2x SDS-sample buffer. The tube 
was floated in a boiling water-bath with a hole in the 
top, for 2 minutes. Samples were stored at -20°C. Samples 
were defrosted heated to 100°C for 2 min, 20/il was loaded 
on a gel well. 10/il of a BRL molecular weight standard 
(Bethesda Research Labs) solution, also in SDS sample 
buffer, and similarly treated was also applied to a well.
2.2.Iz
SDS-PAGE gel electrophoresis.
1. Preparation of gel.
A 15% vertical gel was used to show tryptophanase 
induction in cells. The "lower gel" (15% gel) (see 
section 2.1.1fF) was made up as follows: 9.42ml deionised 
water, 10.0ml of "lower tris (x4)" and 20.0ml 30%
acrylamide + 0.8% m-bisacrylamide were mixed. The lower 
gel mixture was de-gassed by vacuum and brought to room 
temperature. 0.2ml of fresh 10% ammonium persulphate and 
30/tl TEMED was added and mixed. The gel was poured into 
the gel apparatus and the top surface overlayed with 
water saturated 2-butanol. Five minutes after setting the 
2-butanol was washed off thoroughly. The upper gel was 
made up by mixing 12.7ml deionised water, 5ml "upper 
tris" and 2ml 30% acrylamide + 0.8% m-bis acrylamide. The 
mixture was degassed by vacuum, brought to room 
temperature, 0.1ml 10% ammonium persulphate and 30/zl 
TEMED added and the gel poured onto the upper gel. Any 
small areas or holes were filled with 1% agarose as a 
repair, as necessary. The comb was inserted. After 
setting, the comb was carefully removed. The
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electrophoresis reservoirs were filled with Ix tank 
buffer to the correct levels. Samples were applied. The 
gel was electrophoresed within 1 hour of setting, at 200 
volts, free ampage. After 3 hours the apparatus was 
dismantled and the gel stained in 0.1% coomassie blue for 
1 hour, and then destained over-night in 7.5% glacial 
acetic acid. The gel was photographed with a polaroid 
camera.
2.2.2 FERMENTATION 
2.2.2a
Minimal medium. The carbon limited medium of Evans at 
ai. (1970) (section 2.1.2a) was used for chemostat 
culture and for batch culture. Deionised water was used 
to make the medium by addition of constituents to 18 
litres of deionised water which was made up to 20 litres 
with deionised water and set to pH 7.0 using 5M NaOH with 
a Philips PW941 pH meter.
2.2.2b
Sterilisation of media and media constituents. L-broth, 
L-agar, flasks of minimal medium (Evans et al. , 1970)
(section 2 .1.2 aB) for inocula for both batch and 
continuous cultures, and separate media constituents were 
sterilised by autoclaving at 121°C for 15 minutes. 
Separate additions for batch inoculum flasks of the 
carbon-limited medium of Evans et al. , (1970) were made
as follows: glucose solution was made as a 20% solution. 
This was autoclaved separately and added before 
inoculation. CaClg solution was made as a 20mM solution. 
This was autoclaved separately prior to addition before
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inoculation. Large quantities of medium for chemostats 
(20 litre volumes) and for batch fermentations were 
filter sterilised (DCA-1 filter, Flow Labs Ltd). For 50ml 
inoculum flasks a buffer was included (section 2.1.2aB) 
and the medium was autoclaved without glucose or CaClg 
which were added, as sterile solutions, prior to 
inoculation. To a 50ml volume of the minimal medium 
without glucose or CaClg, 2 .5ml of 20% sterile glucose 
solution and 50/tl of a sterile 20mM CaCl2 solution were 
added (section 2.1.2aB).
2.2.2c
Chemostat cultures. An LH 500 series 2 litre fermenter at 
a working volume of 1.36 litres was used. To start the 
fermentation the fermenter was autoclaved in a cleaned 
condition containing 1 litre of deionised water. The 
fermenter was installed with all peripheral apparatus. 
Air was pumped in slowly through the inlet filters to 
create vessel pressure until all the water escaped from 
the sampling pipe. The vessel was then filled with medium 
from the feed pump system to a volume of 1.36 litres 
(level of outlet pipe opening).
The stirrer was set at 1000 rpm. Aeration was controlled 
manually to give an air input of 6 litres per minute 
(unless stated otherwise) using two RS2 high density 
float rotameters (Glass Precision Engineering Ltd). pH 
was controlled automatically with 5M NaOH to pH 7.0 ±0.2 
using the LH pH meter and pH electrode supplied with the 
apparatus. Temperature was controlled at 37°C using an 
external Grant thermocirculator unit. Antifioam
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(silicone, Dow Corning Ltd) was by automatic addition. 
Medium was pumped by a Gilson minipuls HS2/HF peristaltic 
pump with bedded in marprene tubing (Watson Marlow Ltd). 
The medium feed rate was monitored by diversion into a 
25ml pipette while continuing to feed the fermenter with 
a back-up feed system (similarly calibrated prior to 
culture). Waste medium was pumped out by using the second 
tube space on the pump head but larger bore marprene 
tubing was used. Chemostat cultures were started by 
adding the inoculum (section 2 .2.2 e) through the 
inoculation port, growing a batch culture to stationary 
phase and then starting the medium feed. The time of 
switching on the feed pump was taken to be generation 0. 
Fermentations were monitored by on line gas analysis. CO2 
in the exhaust gas was measured using an infra-red CO2 
analyser (SB-100, ADC Ltd). Oxygen measurement was by a 
paramagnetic O2 analyser (580A, Servomex Ltd). The 
analysers were interfaced to a BBC microcomputer for 
visual display.
2. 2.2d
Batch cultures. The LH fermenter was operated and 
controlled in the same way as for chemostat culture 
(section 2 .2 .2c) except medium was not continuously 
pumped. To fill the fermentation vessel with nutrient 
medium the same protocol was used as for chemostat 
culture except the first vessel full of medium was 
expelled and then the fermenter vessel refilled to a 
volume of 1.36 litres.
2.2.2e
Inoculum preparation. Cells in 15% glycerol at -70°C were
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plated out on L-agar. For P"^ cells the plates contained 
lOOjug/ml carbenicillin. After 18 hours growth at 37°C one 
colony was transferred to 50ml of Evans batch medium 
(containing IGO/ig/ml carbenicillin when culturing 
cells). The flask was shaken overnight at 200 rpm and 
used for inoculation of the fermenter when at an OD^qq of 
5 to 8.
2.2.3 MEASUREMENT OF BIOMASS AND CELLULAR COMPONENTS
2.2.3a Sterilisation: Ringer's solution (sections 2.2.3c, 
2.2.3d and 2.2.4), 0.85% KCl (section 2.2.3f) and 0.05M 
sodium phosphate buffer (2 .2 .3h) were sterilised by 
autoclaving and stored at 4°C up to one week. Other 
solutions used in section 2.2.3 were made up fresh just 
prior to use. Antibiotics and IPTG were sterilised by 
filtration through a 0.22/zm membrane filter.
2.2.3b
Spectrophotometry measurements in section 2.2.3, except 
for the B-lactamase assay were obtained using an SP8-4 00 
Pye Unicam spectrophotometer. For B-lactamase 
measurements a Philips PU8820 UV/VIS spectrophotometer 
was used which logs timed change in absorbance.
2.2.3c
Biomass as Dry Weight Samples (120 to 220ml) were taken 
and put immediately on ice. 25ml aliquots were measured 
into glass corex tubes which were centrifuged at 6000g 
for 20 min at 4 °C. The pellet was washed with Ringer's 
solution, and centrifuged at 6000g for 5 min at 4°C. 
Pellets were dried in an oven at 105°C and weighed on a
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four figure balance every 24 hours until at constant 
weight.
/
2.2.3d
Biomass as OD^qq measurements were performed using 10- 
20ml representative samples which were put on ice 
immediately after collection. The cells were diluted in 
Ringer's solution to below an OD^qq value of 0.5 prior 
to spectrophotometry.
2.2.3e
Biomass as Dry Weight from OD^q q . The ODggg value was 
converted to dry weight via a calibration equation (see 
Appendix 2). For calibration, biomass samples (60ml 
broth) were taken and put on ice. The dry weight (g/1) 
was determined using two 25ml samples as in section 
2.2.3c above. Duplicate OD^qq values were measured as in 
section 2.2.3d above.
2.2.3f
Tryptophanase measurement was by the method of Morino and 
Snell (1970): Samples were collected from the fermenter 
(10-20ml) and centrifuged at 3500g for 10 minutes. The 
supernatant was removed and pellets were stored at 4®C 
for up to one week. Whole bacteria were diluted in 
Ringer's and resuspended in 0.85% KCl. In a 10ml 
Erlenmeyer flask 160/il bacterial suspension were mixed 
with 150/il buffer mixture (5ml 0.48M potassium phosphate 
buffer, pH 7.8, 200/il reduced glutathione (6 . Img/ml)
200/xl pyridoxal-5 '-phosphate ( 1. 5mg/ml) , 2 . 0ml bovine
serum albumin (2.5mg/ml) and 2.6ml H2O. 1ml toluene was 
added, and the flasks shaken in a 37®C water bath. 100/xl
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20mM tryptophan were added and after exactly 10 min 
further shaking 3.5ml Ehrlich's reagent was added. After 
20 min colour development at room temperature the 
reaction mixture was centrifuged at 3500g for 5 min to 
remove cell debris and the absorbance read at 570nm. One 
unit of tryptophanase produces 1/tmol indole min” .^ A 
standard curve of 0 to 0. 15/tmol indole was linear. 
Expression as a percentage of cell protein used the 
specific activity of tryptophanase of 24 units/mg (Snell, 
1975).
2.2.3g
Protein determination was by the method of Lowry et al. 
(1951): Samples of cells were sonicated before testing. 
This was ten 15 second bursts with 60 second cooling 
periods performed in an ice bath. Samples were diluted to 
within the calibration line and 200/11 added to tubes. 3ml 
of Lowry A+B solution was added and mixed. Tubes were 
stood at room temperature 10 min and 0.3ml Folin- 
Ciocalteau reagent (BDH Ltd) added. After 1 hour at room 
temperature absorbance at 75Onm was read. Standard 
solutions of 0 to 60/ig of bovine serum albumin (Sigma 
Ltd) in 200/xl water gave a linear calibration.
2.2.3h
B-lactamase expression was measured by the nitrocefin 
method (O'Callaghan et al., 1972): cells were diluted to 
an ODgoo 1 « 0 or above (depending on known cell 
proportion) in 0.05M Na phosphate buffer pH 7.0. Samples 
were sonicated as for the protein assay and centrifuged 
at 6000g for 10 min at 4°C. 0.1ml supernatant (or a
dilution to the linear region of 0.1 to 1 unit per ml)
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was added to 2.9ml nitrocef in solution (53.4/ig/ml in 
buffer) (0.3jumoles nitrocef in) at 37°C in the heated 
cuvette holder. The change in OD^gg iri the second minute 
(cycle 2) was recorded. 1 unit of B-lactamase is defined 
as the quantity that will hydrolyse 0 . l/tmo 1 e of 
nitrocefin in 1 minute at 37°C at pH 7.0 in a reaction 
volume of 1ml. The complete hydrolysis of O.l/imole of 
nitrocefin in 1ml is accompanied by a change in OD^gg of 
1.59. Therefore the complete hydrolysis of 0.3jLimoles of 
nitrocefin solution in a volume of 3ml is accompanied by 
an OD change of 1.59 at 0D^g2, and 3 units are required. 
0 .1ml of the sonicated supernatant are used in the 
reaction therefore the number of units of B-lactamase 
per ml of supernatant = (change in OD/1.59) x 3 x 10.
2.2.3i
Glucose - Phenol-Sulphuric Method. (Herbert et ai., 
1971). Into thick-walled test tubes of 16-20mm diameter 
1 .0ml of sample diluted to within the appropriate 
concentration range was pipetted. A reagent blank of 1ml 
deionised water and a set of 1ml glucose standards at 20, 
40, 60, 80 and 100/zg/ml were prepared. 1ml of 5% phenol 
was added to tubes then 5ml of cone. sulphuric acid. 
Tubes were mixed, allowed to stand 10 min, shaken, and 
placed in a water bath at 25 to 30°C for 10 to 20 
minutes. Colour was measured at 488nm.
2.2.3]
Glucose - Glucose Oxidase Methods. For the methods of 
GOD-Perid and GOD-PAP the instructions of the 
manufacturer (Boehringer Corporation Ltd) were used. More
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details are given in Appendix 1.
2.2.4 PLASMID STABILITY ASSAYS 
2.2.4a
Segregational stability was monitored using three methods 
depending on the P'^ :P” ratio, (a) . at P"^  proportions of
0.90 or greater the new IPTG plating method, which was 
developed during the course of this study, was used: 
suitable duplicate dilutions in Ringer's were plated on 
L-agar plates and L-agar containing IPTG at 0.5mM. IPTG 
plates would only support growth of P” cells due to high 
tac promoter induction and hence viability loss, (b) . At 
P"^  proportions of 0.10 to 0.90 sample dilutions of 
culture were plated on L-agar. Single colonies were 
picked onto L-agar plus ampicillin (100/xg/ml) plates and 
onto L-agar plates, (c) . At 0.10 P"^  or less dilutions 
were plated onto L agar plus ampicillin (100/tg/ml) and 
onto L-agar. For all methods colonies were counted after 
18 hours at 37°C.
2.2.4b
Structural stability was monitored by plating out cells 
from the end of both batch and chemostat cultures. 
Ampicillin resistant colonies were then checked for 
tetracycline resistance, tryptophanase production and 
induction of tryptophanase by IPTG. For chemostat culture 
plasmids were linearised and analysed by agarose gel 
electrophoresis which would show any large changes in 
plasmid size. No structural instability was indicated by 
these methods.
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2.2.5
Preparation of antibiotic containing plates. For
ampicillin final concentrations of 100 or 500/xg/ml were 
used. For carbenicillin 100/ig/ml and for tetracycline 
containing plates, in the determination of tet^, 20/tg/ml. 
When L-agar had cooled to 50°C a sterile concentrated 
stock solution of the antibiotic was added and mixed in, 
then plates poured and stored at 4°C up to one month. 
Antibiotic stock solutions were stored at -20°C.
2.2.6
Collection of glucose samples - the Fast Filtration 
Method. In order to have a representative sample biomass 
must be separated from medium before cells utilise the 
glucose. A method was developed to achieve this: 
Fermenter broth was forced, with negative pressure, 
through a 0.45/tm membrane filter with a Whatman no. 17 
prefilter. Filters were housed in a 5 0mm holder 
(Sartorius) and either a 50ml syringe was used to draw 
through sample or at high OD a vacuum pump was used with 
an intervening glass chamber. 5ml of fermenter broth 
could be collected by this method in about 10 seconds.
2.2.7
Phage infection of fermentations was tested to detect any 
contamination by phage from the water supply etc. Samples 
of centrifuged and filtered fermentation broths were 
spotted onto a lawn of stock culture strain API. No 
plaques were detected.
2.2.8 COMPUTING
Computing, data collection and analysis was performed on
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a BBC Master series microcomputer. Calculations for 
plasmid gene product expression and plasmid copy number 
utilised the spreadsheet facility (Viewsheet). Basic 
programs for non-linear regression, polynomial curve 
fitting and mathematical modelling are explained more 
fully in the Results sections. Linear regression was 
performed with the Powergraph program (AVP Computing 
Ltd) .
104
SECTION 3
CLONING THE lacl^ GENE INTO PLASMID pIMSlOll. 
SUMMARY
The construction of a plasmid expression vector was 
completed using two plasmids supplied by Apcel Ltd. In 
order to create a vector suitable for the following 
analysis described in (A), (B) and (C) the lacl^ gene was
cloned into pIMSllOll.
(A) The analysis of plasmid gene product expression at 
different inducer concentrations.
(B) The analysis of different plasmid gene expression 
levels on the physiology of the host/plasmid system (ie 
Mmax Ks values) .
(C) The analysis of plasmid instability at different 
plasmid gene expression levels.
Previously the host/plasmid system used for 
investigations into tryptophanase expression from the tac 
promoter at Apcel Ltd was E. coli MD33 containing 
pSClOlIacI^ and pIMSlOll. This was shown to be relatively 
unstable, possibly due to P” overgrowth. During the 
cloning of the lacl^ gene the 375bp anterior portion of 
the pSClOl tetracycline resistance (tet^) gene was also 
cloned into pIMSlOll. The latter was unintentional and 
led to restoration of tet^.
The restoration of tet^ and its possible detrimental 
effects on plasmid instability are discussed in section 
1.8b. The reconstruction of the tet^ gene may have caused 
difficulties in interpretation of plasmid instability
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data in later sections. As discussed in section 1.8b this 
could be due to growth rate reduction caused by the tet^ 
product and/or structural instability in the tet^ gene or 
its promoter region. However many E, coli cloning vectors 
are based on plasmid pBR322 which has the same tet^ gene 
as in pFClO. Therefore, in this respect, the study on 
gene expression and instability described in later 
sections was carried out on a "typical" vector.
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STRAINS, PLASMIDS AND SEQUENCES
The plasmid used in this study for stability, kinetic and 
physiological studies was constructed from plasmids 
supplied by Apcel Limited (now merged with Celltech 
Limited). The following list of bacterial strains and 
plasmids were supplied for the purpose of plasmid 
construction and analysis. The strain genotypes are 
listed in Materials section 2.1.01.
1. E. coli DHl
2. E. coli JM109
3. E. coli DHl(pSClOl)
4. E. coli DHl(plMS1011 + pSClOliacI^)
5. E. coli DHl(pSClOllacI^)
Figure 3.1 Restriction map of plasmid pKK223-3
Sal I BamH i 
t I SmalHind EcoR I
rmS position 6840
pBR322 position
4245 V
Fusion:
p6R322 position 
.29 to 375
\  rwB position 
 6416
.BamH I
pKK223-3 
(4585 bp)
Pvu II
A map of plasmid plMSlOll is shown in figure 3.2. It 
consists of pKK2 2 3-3 (Pharmacia Ltd) (figure 3.1) 
containing the tryptophanase gene (tnaA) (figure 3.3) 
from E. coli K12 between the EcoRl and Hindlll sites of
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the multiple cloning site region. The intervening 
restriction sites were removed during construction. The 
tet gene region, which is from pBR322, had the first 
375bp removed during construction of pKK223-3. Hence the 
tet^ phenotype is not expressed in pKK223-3 or pIMSlOll.
Figure 3.2 Restriction map of plasmid pIMSlOll
pIMSIOII 
6670 bp
The tryptophanase structural gene sequence cloned into 
pIMSlOll consists of tnaA nucleotides 505 to 1955 (Deeley 
and Yanofsky, 1981). This is from a Sau3AI site at 505bp 
to the TAA stop codon at 1955bp (figure 3.3).
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Figure 3.3 Region of the tryptophanase gene cloned into 
PIMSlOll
tnaA(505)
.---- < AAGGTAATGTGTATTAGGAAGTAAATAAAATTAATGTCACTAG-5 '
tnaA tnaA Sau3AI
start S-D
tnaA(1955)
— — — —— — — “A A T ----- — — <■
I I tnaA
Hindlll Aval stop
The Shine-Dalgarno (S-D) region, start codon and stop 
codon are underlined, (see also figure A6.1). Numbers 
are in base pairs as numbered in the published sequence 
(Deeley and Yanofsky, 1981)
Additional DNA downstream of the tnaA structural gene 
(beyond tnaA base 1955) was also cloned in pIMSlOll. This 
consists of DNA from the TAA stop codon at 1955bp to the 
Hindlll site in pIMSlOll (figures 3.2 and 3.3). The DNA 
is chromosomal in origin (Deeley and Yanofsky, 1981) and 
is approximately SOObp in length, as judged by agarose 
gel electrophoresis (results not shown). 90bp from the 
distal end of tnaA (at 2045bp) there is the beginning of 
a presumed structural gene of approximately 850bp 
(Deeley and Yanofsky, 1981). However, this putative gene 
appears not to be expressed, for unknown reasons, in an 
in vitro transcription-translation system (Deeley and 
Yanofsky, 1981). Since approximately 50Obp of DNA 
downstream of tnaA position 1955 is present in pIMSlOll, 
the complete gene is not encoded.
The region of the tryptophanase operon upstream of the 
tnaA start codon, containing the regulatory region is
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not cloned in pIMSlOll, except for 37 base pairs up to 
the Sau3AI site at 505bp which includes the S-D region. 
The sequences involved in the regulation of tnaA 
expression, present in the regulatory region of tnaA, are 
upstream of the Sau3AI site. They are concerned in 
catabolite repression control (Deeley and Yanofsky, 1981) 
and transcription antiterminâtion control (Stewart and 
Yanofsky, 1985) (see sections 1.2c, 1.2e and 1.4).
Therefore the cloned tnaA gene is not subject to these 
forms of control.
Since the tnaA promoter was not included in the cloned 
sequence, transcription of tnaA in pIMSlOll is mediated 
by the tac promoter. For sequence details refer to figure 
A6.1 which shows the tac and tnaA region of pFClO. The 
sequences are identical to pIMSlOll in this region. The 
ribosome binding site (region of the S-D site) provided 
with the tac promoter is not used in tnaA expression. 
This is because the tnaA start codon is more than 15 base 
pairs from the RBS provided (Pharmacia Ltd). The tnaA 
ribosome binding site is expected to be used instead, 
with the tnaA start codon, for initiating translation.
The lacl^ gene.
The lacl^ gene has been previously cloned into the 
EcoRI site of pSClOl to form pSClOlIacJ^ (M Robinson pers 
comm). The 1.7kb EcoRI fragment containing the lacl^ gene 
is the same fragment as that in pMC9 described by Calos 
et al . (1983) (S Little, pers comm). It was confirmed
that the 1.7kb fragment in pMC9 does contain the lacl^ 
gene (M Calos, pers comm). The l a d  promoter, lacZ
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promoter and operator, and first part of lacZ (B- 
galactosidase gene) are included in the lacl^ fragment 
(Miller et al., 1984; Microgenie database, Beckman Ltd) 
The total size is 1724bp plus EcoRI linkers making 
1738bp.
The sequences of the lac gene present in the lacl^ 
fragment, which are also present in the tac promoter, 
consist of bases -18 to +37 of the lac region in figure 
1.3. In the diagram of the tac promoter (figure 1.1) on 
page 5 this is the region from -19 to +36bp. The only 
part not repeated in this 55bp region are the A/T 
substitutions indicated in figure 1.3 which are in the 
tac promoter only (lacUVS mutations).
PROCEDURE
Plasmid pIMSlOll was separated from the co-existing 
plasmid pSClOllacJ^. A small scale plasmid preparation 
(section 2.2.Id) was made from DHl(pIMSlOll+pSClOlIacJ^). 
Plasmid DNA obtained was used to transform JM109 by the 
Kushner transformation procedure (section 2.2.1x). 
Ampicillin resistant and tetracycline sensitive clones 
were isolated and a representative colony picked for 
characterisation. The strain was shown to contain a 
plasmid of equivalent size to pIMSlOll, as determined by 
gel electrophoresis. The strain was used as a source of 
pIMSlOll, free from its co-resident plasmid pSClOliacJ^, 
in further procedures. JM109 contains the lacl^ gene on 
the chromosome for repression of the tac promoter. Large 
scale plasmid preparations were made of JM109(pIMSlOll) 
and DHl(pSClOllacI^) and DNA was purified using CsCl
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density gradient centrifugation. This provided microgram 
quantities of plasmids for the cloning work. The cloning 
procedure is summarised below in figure 3.4.
Figure 3.4 Procedure used for cloning of the 1.7kb lacJ^ 
fragment
pSClOlIacI^
EcoRI digestion 
i
agarose gel electrophoresis of sample 
to check complete digestion 
i
fill recessed 3' ends with Klenow fragment
;
phenol extraction and ethanol precipitation
i
agarose gel electrophoresis of sample 
to check for recovery 
i
ligation of BamHI linkers 
i
phenol extraction and isopropanol precipitation
i
digest BamHI linkers 
i
phenol extraction and isopropanol precipitation
i
Gel electrophoresis of sample 
to check for recovery 
i
ligation reaction with BamHI cut pIMSlOll DNA
i
transform DHl with ligation reaction mixture
I
plate on ampicillin plates 
i
plasmid preparations
The ligation reaction used 250ng of BamHI cut vector 
(6.7kb) and 30ng of insert (1.7kb). This gave a fragment 
ratio of 2:1 vector : insert. 40ng of the reaction was 
used to transform E. coli DHl. 0.2ml (1/5) of the
transformation was plated on L-agar containing ampicillin
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(lOOjLig/ïïil) plates resulting in 105 colonies. It was 
postulated that cells transformed with re-ligated vector 
(pIMSlOll) would not grow due to production of large 
quantities of tryptophanase.
pKK223-3 or derivatives expressing genes from the tac 
promoter need a lacl^ host (Pharmacia Ltd). The cloning 
of the lacl^ gene into pIMSlOll would also provide lac 
repressor molecules to repress the overproduction of 
tryptophanase by tac. Apart from lacl^ clones, ampicillin 
resistant cells with deletions or rearrangements of 
pIMSlOll might be expected to grow on ampicillin plates. 
A total of 7 colonies were chosen for small scale 
plasmid preparations (Methods section 2.2.Id). The 
plasmid preparations were examined by agarose gel 
electrophoresis. Three of these plasmid preparations 
contained a plasmid which migrated a similar distance as 
pIMSlOll (results not shown).
The result of filling the recessed 3' ends created by 
EcoRI, by the Klenow enzyme, and the ligation of BamHI 
linkers to the filled ends is demonstrated in figure
3.5. The EcoRI site is restored. The restoration of 
this site is explained in figure 3.5 by sequences of the 
BamHI linkers used here, and of EcoRI linkers.
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Figure 3.5 Restoration of the EcoRI site
P-GGAATTCC lacl^
HO-CCTTAAGG -
-EcoRI
linker-
i digestion with EcoRI
AATTCC---
GG————
4. filling in reaction
AATTCC---
TTAAGG---
I addition of BamHI linkers
P-CGGGATCCCG-OH + P-AATTCC---
HO-GCCCTAGGGC-P HO-TTAAGG----
I ligation
CGGGATCCCGAATTCC--- lacl^
BamHI EcoRI
notes : 5 * phosphate and 3' hydroxyl groups not shown 
throughout.
sequences of linkers were taken from New England Biolabs 
data
The 3 plasmids (preparations A, E and F) and a fourth 
much faster migrating plasmid (preparation B) were 
digested with EcoRI. The results can be seen in figure
3.6, only preparation (A) contained the 1.7kb fragment. 
The plasmid in preparation (A) was renamed pFClO.
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Figure 3.6
Plasmid preparations were made of ampicillin resistance 
transformants of E. coli DHl derived from the cloning 
procedure indicated in figure 3.4. The plasmids were 
digested with EcoRI as indicated in the Methods section 
2.2.1K4. Appropriate quantities of plasmid digests or DNA 
size standards were loaded on a 1% agarose gel in TBE 
buffer and electrophoresed as described in the Methods 
section 2.2.Ip. As controls some undigested plasmid 
preparation was normally electrophoresed in an adjacent 
lane. Also DNA size standards close to and below 1.7kb 
are required as in figures 3.7 and 3.8.
The DNA fragment in lane 3 which migrated further than 
the 2027bp DNA size standard, migrated at the approximate 
distance expected for a 1.7kb fragment. This indicated 
that plasmid preparation A, electrophoresed in lane 3, 
contained a plasmid with the 1.7kb EcoRI fragment 
inserted. The more slowly migrating fragment in lane 3 is 
at the approximate distance of that expected for pIMSlOll 
(6.7kb). Since the required construct should have 
contained these two fragments the plasmid in preparation 
A was analysed further (see figures 3.7, 3.8 and 3.9).
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F ig u re  3 .6  A g a rose  g e l e le c t r o p h o r e s is  sh o w in g  EcoR I
d ig e s ts  o f  some p u t a t iv e  c lo n e s .
2 3 (f)Q
3log'sg|c2
JSÎÔ
23130
9416
6557
4361
2322
2027
Lane
1
2
3
4
5
Colony ID
E
F
A
B
lambda x Hindlll
Notes
shows fragment at » 1.7kb
not digested 
DNA size standards: 
size in bp = 23130, 9416, 6557
4361, 2322, 2027, 564 and 125.
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Restriction enzyme analysis (figure 3.7) indicated also 
that only one of the EcoRI site termini of the lacl^ 
fragment was exposed for filling by Klenow enzyme. As 
demonstrated diagrammatically in figure 3.10 (page 126) 
the initial EcoRI digest of pSClOllacI^ was a partial 
digest, creating just one EcoRI recessed 3' end for 
filling. The other end of the lacl^ fragment remained 
joined to the EcoRI site of pSClOlIacJ^ which is upstream 
of the tetracycline resistance (tet^) gene. As 
demonstrated diagrammatically in figure 3.10, the 
subsequent use of BamHI enzyme in the cloning procedure 
(figure 3.4) led to the 375bp fragment of the tet^ gene 
to be an "adaptor" molecule, linking one end of the 1.7kb 
lacl^ fragment to pIMSlOll. This end of the lacl^ 
fragment was not exposed for filling of the recessed 3' 
end and linker addition. Therefore BamHI digestion 
(figure 3.7, lane 14) creates a 2.Ikb fragment and not a 
1.7kb fragment.
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F ig u re  3 .7
Plasmid preparations were made by the large scale method 
(Methods section 2.2.1c). The plasmids were digested with 
restriction enzymes as indicated in the Methods section 
2.2.Ik4. Appropriate quantities of plasmid digests or DNA 
size standards were loaded on a 1.2% agarose gel in TBE 
buffer and electrophoresed as described in the Methods, 
section 2.2.Ip. As controls some undigested plasmid 
preparation was electrophoresed in an adjacent lane.
By comparing lanes 1 and 2 it is seen that EcoRI digested 
pIMSlOll. By comparing the other lanes containing 
digested plasmids with the relevant lane containing 
undigested control it can be seen that all EcoRI digests 
appear to be complete. Also all BamHI digests are 
incomplete but substantial digestion occurred.
There is 1 band in lane 2, indicating 1 EcoRI site in 
pIMSlOll. EcoRI digestion of pFClO (lane 4) gave two 
fragments, 1 at around 6.7kb and one at approximately 
1.7kb as indicated also in figure 3.6. Any fragments 
below the size of approximately 500bp would not be seen 
as they would have migrated off the agarose gel as 
indicated by the DNA size standards in lanes 6 and 12 
(photo is of the whole of the gel).
pSClOliacT#, the source plasmid of the 1.7kb lacl^ EcoRI 
fragment was digested with EcoRI as shown in lane 8. The 
resulting 1.7kb fragment migrated at approximately the 
same distance as the fragment cloned in pFClO (lane 4). 
The slightly further migration of this fragment in lane 8 
may have been due to some differential migration within 
the agarose gel. The results indicate that the same 1.7kb 
fragment is present in pSClOllacI^ and pFClO.
The EcoRI digestion of pSClOl shown in lane 10 indicates 
that pSClOl without the 1.7kb lacl^ fragment contains no 
other 1.7kb EcoRI fragment.
The BamHI digest of pFClO, electrophoresed in lane 14, 
shows the presence of a BamHI fragment of approximately 
2.Ikb. A 2.ikb fragment was not produced by digestion of 
pIMSlOll or pSClOlIacJ^ with BamHI as shown by lanes 13 
and 15 respectively. Therefore the 2.Ikb fragment in 
pFClO was not derived directly from either of the two 
plasmids used to construct pFClO (plasmids pIMSlOll and 
pSClOllacJ^) . The conclusion at this stage was that the 
1.7kb EcoRI fragment was contained in this 2 . Ikb 
fragment, another fragment of DNA was attached and there 
were BamHI sites at each end.
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F ig u re  3 .7  A g a ro se  g e l e le c t r o p h o r e s is  sh o w in g  EcoRI
and BamHI d ig e s ts  o f  pFClO
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1 pIMSlOll no enzyme
2 pIMSlOll X EcoRI shows a single EcoRI site
3 pFClO no enzyme
4 pFClO X EcoRI shows 1.7kb lacJ^ fragment
5 lambda x Hindlll standards (for sizes see fig. 3.6)
6 phiX174 X Haelll size standards, sizes in bp = 1353, 
1078, 872, 603, 310, 281/271, 234, 194, 118 and 72; 
281 and 271 have anomalous mobility.
7 pSClOlIacJ^ no enzyme
8 pSClOllacJ^ X EcoRI shows 1.7kb lacl^ fragment
9 pSClOl no enzyme (9.Ikb plasmid)
10 pSClOl X EcoRI shows a single EcoRI site
11 lambda x Hindlll standards
12 phiX174 X Haelll standards
13 pIMSlOll X BamHI (partial digest - see slower band)
shows single BamHI site
14 pFClO X BamHI shows 2.Ikb BamHI fragment (1.738 +
0.375kb fragments indicated in fig. 3.8)
15 pSClOllacI^ X BamHI shows single BamHI site
16 pSClOl X BamHI shows single BamHI site
notes: For pFClO and other plasmids electrophoresed on 
this agarose gel the CCC form migrated more slowly than 
OC and linear forms. This occurred on 1% and 1.2% agarose 
in TBE. The pFClO CCC form was faster than OC and linear 
forms on 0.8% agarose in TAE (see section 9, figure 9.1). 
BamHI digests electrophoresed in lanes 13, 14 and 15
were partial.
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Restriction enzyme analysis presented in figure 3.7 shows 
the presence of a BamHI fragment on pFClO which is close 
to 2113bp (1738bp + 375bp) in lane 14. The BamHI-EcoRI 
double digest in figure 3.8, lane 9 demonstrates that 
this 2.Ikb fragment is cut by EcoRI to form 375bp and 
1.7kb fragments.
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Figure 3.8
Plasmid preparations were made by the large scale method 
(Methods section 2.2.1c). The plasmids were digested with 
restriction enzymes ("double digests") as indicated in 
the Methods section 2.2.Ik5. Appropriate quantities of 
plasmid digests or DNA size standards were loaded on a 
1.2% agarose gel in TBE buffer and electrophoresed as 
described in the Methods section 2.2.Ip. As controls some 
undigested plasmid preparation was electrophoresed in the 
lanes on the left hand side as indicated.
All digests of plasmids presented in this figure are 
double digests using EcoRI and BamHI.
The digest of pSClOllacI^ electrophoresed in lane 7 shows 
the 1.7kb lacfi fragment and a fragment that migrated at 
a distance between the 603bp and 31Obp DNA size 
standards. The fragment migrated approximately at a 
distance expected for a 375bp fragment. Such a fragment 
is consistent with the EcoRI-BamHI 375bp fragment present 
in pSClOl at the start of the tet^ gene (see figure 
A6.6). The fragment is also present in pSClOlIacI^ and is 
adjacent to the lacl^ fragment in this plasmid (see 
figures A6.5 and 3.10). The presence of the 375bp EcoRI- 
BamHI fragment in pSClOl is indicated in lane 10 (rather 
faint band because insufficient digest was loaded onto 
the agarose gel). The 375bp EcoRI-BamHI fragment is not 
present in pIMSlOll (Pharmacia Ltd). This is shown by the 
digest electrophoresed in lane 8. Therefore it was 
unlikely that the 375bp fragment had been generated in 
any way from pIMSlOll and was most probably the tet* gene 
fragment derived from pSClOlIacJ^.
The digest of pFClO electrophoresed in lane 9 
demonstrated the presence of the 375bp EcoRI-BamHI 
fragment and the 1.7kb EcoRI iacT# fragment. The other 
faster migrating fragment which led the 3lObp DNA size 
standard is consistent with that of the tac promoter 
fragment which is a 259bp EcoRI-BamHI fragment (figure 
A6.1 and 3.1). The tac fragment of pFClO was derived in 
this work from pIMSlOll. Its presence in pIMSlOll is 
demonstrated by the digest electrophoresed in lane 8.
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Figure 3.8 Agarose gel electrophoresis showing the 375bp
fragment of the tet^ gene
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pSClOllacJ^ no enzyme 
pSClOl no enzyme 
pIMSlOll no enzyme 
pFClO no enzyme
lambda x Hindlll standards (for sizes see fig. 3.6) 
phiX174 X Haelll standards, sizes in bp = 1353, 1078, 
872, 603, 310, 281, 271, 234, 194, 118 and 72. 
pSClOllacI^ X BamHI x EcoRI shows 1.7kb and 375bp 
fragments
pIMSlOll X BamHI x EcoRI shows 259bp tac promoter 
pFClO X BamHI x EcoRI shows 1.7kb EcoRI fragment, 
375bp BamHI-EcoRI fragment and tac promoter (259 
bp EcoRI-BamHI fragment)
pSClOl X BamHI X EcoRI shows 375bp fragment 
phiX174 X Haelll standards 
lambda x Hindlll standards
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Reconstruction of the tetracycline resistance gene
The phenotype of the initial transformant of pFClO was 
investigated. DHl(pFClO) was found to grow well in the 
presence of 20/ig/ml tetracycline whereas DHl would not. 
During the cloning procedure the tetracycline resistance 
(tet^) gene was reconstructed. The plasmid pKK223-3, the 
basis of pIMSlOll, was constructed from pBR322. pBR322 in 
turn was constructed using pSClOl, utilising the tet^ 
gene from pSClOl (Old and Primrose, 1985). However the 
leader region was not included, which resulted in 
constitutive expression in pBR322. The first 375bp of 
the tet^ gene of pBR322 were removed in the construction 
of pKK223-3 (Pharmacia Ltd) (from the EcoRI site, through 
Hindlll in the tet^ gene promoter to the BamHI site at 
position 375). The ligation of the 375bp fragment of 
pSClOlIacJ^ (the anterior portion of the tet^ gene) (with 
1.7kb fragment attached) to the BamHI site of pIMSlOll 
led to reconstruction of the tet^ gene of plasmid pBR322.
A possible method by which the 1738bp lacl^ fragment was 
cloned into pIMSlOll, other than that presented in figure
3.10, was by the attachment of the 375bp tet^ gene 
fragment on both sides of the 17 3 8 bp fragment. As 
explained in figure 3.9 the possibility was investigated 
using Hindlll digestion of pFClO. The evidence gained 
supported the cloning mechanism summarised in figure
3.10.
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Figure 3.9
The plasmid preparation was made by the large scale 
method (Methods section 2.2.Ic). The plasmid was digested 
with restriction enzyme (Hindlll) as indicated in the 
Methods section 2.2.Ik4. The appropriate quantity of 
plasmid digest or DNA size standards were loaded on a 1% 
agarose gel in TBE buffer and electrophoresed as 
described in the Methods section 2.2.Ip. As a control 
some undigested plasmid preparation was electrophoresed 
in an adjacent lane.
A possible method by which the 1738bp lacl^ fragment was 
cloned into pIMSlOll, other than that presented in figure
3.10, was by the attachment of the 375bp tet^ gene 
fragment on both sides of the 1738bp fragment.
There is a Hindlll site within the 375bp fragment (at 
29bp from the EcoRI site terminus). There is no Hindlll 
site within the 1738bp lacl^ EcoRI fragment (see figure 
A6.2). Therefore Hindlll digestion of a plasmid which 
contained the 1738bp EcoRI fragment flanked by the 375bp 
EcoRI-BamHI fragment on either side would yield a 
fragment of 1796bp.
The Hindlll digest electrophoresed in lane 2 shows that 
pFClO does not contain the 375bp EcoRI-BamHI tet fragment 
on both sides of the 1738bp EcoRI (iaci?) fragment. If it 
did then a 1796bp fragment would be generated and 
fragments of approximately 2 3 0 Obp and 4 64 2bp, as 
calculated by sequence information (Beckman Microgenie 
Ltd, Pharmacia Ltd). The same sequence information was 
used to calculate that fragment sizes of 4642bp and 
4133bp would be generated by Hindlll digestion of the 
pFClO construct that is presented diagrammatically in 
figures 3.10, A6. 1 and A6.2. This figure shows that 
fragments very close to 4642bp and 4133bp were derived 
from Hindlll digestion of pFClO (lane 2) . Therefore this 
figure gives more evidence supporting the plasmid 
structure presented in figures 3.10 and A6.2.
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Figure 3.9 Agarose gel electrophoresis of Hindlll digest 
of pFClO
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pFClO no enzyme
pFClO X Hindlll shows two Hindlll fragments, one 
migrating slightly faster and one slightly slower 
than the 4.361kb DNA size standards, no 1796bp 
fragment is obtained
lambda x Hindlll standards, sizes in bp = 23130, 
9416, 6557, 4361, 2322, 2027, 564, 125.
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Figure 3.10 Enzvme reactions leading to the cloning of 
the 1.7kb lacl^ fragment and reconstruction
of tetR
Key; E EcoRI site 
B BamHI site 
bl blunt end 
-B- BamHI linker 
-B or B- digested BamHI linker, 
values refer to length 
in kb, not drawn to scale
E 1.7 ^ 0.375 ? 8.8 E result of pSClOllacI^ 
digest with 
EcoRI 
(partial)
bl
L 1.7 ? 0.375 ? 8.8
bl
j
result of 
filling 
recessed 
3' ends
(E)-bl 1,7 E 0,375 B 8.8 bl-B- result of -J ligation of
BamHI linkers
B-(E)-bl 1,7 E 0,375 BB 8.8 bl-B result of -J digestion
with BamHI
B-(E)-bl ;l.7 ? 0.375 B
B° pIMSlOll 6.7
ligation to
linearised
pIMSlOll
B-(E)-bl 1.7 ^ 0.375 ? pIMSlOll 6.7
-pFClO-
B
j
result of
ligation
(only
linear
version
shown)
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Figure 3.11 Summary of the cloning of the lacl^ fragment
pIMSIOll 
6670 bp
pSCIOIIacI 
10800 bp
BamHI digestion at 3
EcoRI digestion at 6 
i
fill in 3' ends
ligationligate BamHI linker at 6 
I
BamHI digestion of linker and at 9
pFCIO 
8775 bp
9/3
I,
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A restriction map of plasmid pFClO is shown in the 
cloning summary in figure 3.11. More detailed maps of 
plasmid pFClO are shown in figures A6.1 and A6.2. The 
figures utilise published sequence information which 
gives restriction enzyme sites (Calos, 1978; Farabaugh, 
1978; Sutcliffe, 1979; Deeley and Yanofsky, 1981; Brosius 
and Holy, 1984). The EcoRV sites at positions 2173 and 
1135 in pFClO have been demonstrated also (results not 
shown).
DISCUSSION
The 1.7kb EcoRI fragment containing the lacl^ gene was 
cloned into pIMSlOll to form pFClO. The restored EcoRI 
site leads to the production of a 1.7kb fragment from 
EcoRI digestion of pFClO, eg figure 3.7, lane 4.
Confirmation of the presence of other restriction 
fragments is indicated with the relevant photographs.
The orientation of the lacl^ fragment and hence the 
direction of transcription of lacl^ has not been 
determined. The direction of the repeated region from 
within the 1.7kb fragment (the region also present in the 
tac promoter, as discussed on page 111) is therefore not 
known. Therefore the regions could form either a direct 
or inverted repeat. The existence of this repeat would be 
expected to lead to structural instability of plasmid 
pFClO. Recombination between inverted repeats leads to 
inversion. Recombination between direct repeats leads to 
deletion of part of the plasmid (Dale, 1989). It was 
postulated that the reconstructed tetracycline resistance 
gene may also cause problems with structural instability
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(see section 1.8b). However as explained in section 8 no 
structural instability was detected after 190 generations 
in chemostat culture.
The lacZ operator, present on the 1.7kb fragment, would 
be expected to titrate out some lac repressor molecules 
(in addition to titration by the tac operator site). The 
reduction in repression of tac would be expected to lead 
to more expression of tnaA. In uninduced cultures there 
is evidence of substantial tnaA expression. For example 
in polyacrylamide gel electrophoresis (PAGE) of induced 
and uninduced cultures (figure 4.1, page 138) there is a 
substantial sized band corresponding to the tryptophanase 
protein in the uninduced as well as in the induced 
culture. An uninduced batch culture of cells had a 
measured tryptophanase concentration of 1.2% of cell 
protein, a substantial quantity (see Klotz, 1983; 
Caulcott and Rhodes, 1986). The presence of an extra lac 
operator site probably increased the "leakiness” of the 
already untightly controlled expression system. The tight 
control of promoters is best accomplished with a 
bacteriophage derived control system (Caulcott and 
Rhodes, 1986).
The lacZ promoter would be expected to express the part 
of the lacZ gene present in the 1.7kb fragment, and to 
read-through and to possibly express genes downstream. If 
the orientation of cloning positioned the promoter to 
read into the tetracycline resistance gene (tet^) then 
this may increase expression of the tet^ product.
The reconstruction of tet could have been avoided by
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separation of the required fragment during the cloning 
procedure. The 1.7kb lacl^ fragment could have been 
separated by gel electrophoresis, the fragment excised 
and DNA extracted using the Geneclean kit (Bio 101) 
(section 2.2.1g). The purified fragment could then be 
ligated to pIMSlOll.
The cloning of all parts of the 1.7kb fragment, other 
than the lacl^ gene should have been avoided. This may 
have been accomplished by selecting a restriction site 
close to the distal end of the lacl^ gene for use in 
cloning.
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SECTION 4 
PI TRANSDUCTION
SUMMARY
E. coli MD33, a tryptophan auxotroph was transduced to a 
prototroph named API using E. coli RV308 as a donor 
organism. The plasmid pFClO constructed as described in 
section 3 was transformed into API.
Plasmid product expression (tryptophanase) was analysed 
in E, coli API (pFClO) . Induction led to a substantial 
increase in tryptophanase expression as determined by 
enzyme assay and as indicated by SDS-PAGE. The uninduced 
culture also expressed a significant quantity of 
tryptophanase as indicated by SDS-PAGE.
The use of a host/plasmid system which expresses a 
significant quantity of plasmid gene product, even 
without inducer addition, may lead to culture instability 
in uninduced conditions due to growth rate difference 
between P"^  and P“ cells.
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INTRODUCTION
The E. coli strain MD33 delta(trpAE)2 tnaA2 which does 
not produce tryptophanase is required for the independent 
measurement of plasmid encoded tryptophanase expression. 
The chromosomal tnaA gene is not expressed and hence does 
not interfere with plasmid expression measurements.
To assist in the cloning of the tnaA gene trp auxotrophy 
was used by Deeley and Yanofsky (1981). The functional 
genes for tryptophan synthesis were required for the 
plasmid host in the experiments planned for this study. 
Without prototrophy tryptophan would have to be included 
in the minimal medium used leading to difficulties of 
result interpretation. Prototrophy was restored using the 
method of PI transduction (Clowes and Hayes, 1968).
In transduction, bacterial genetic material is 
transferred from one cell to another by means of a phage 
vector which contains additional DNA from the bacterial 
chromosome. In unrestricted (general) transduction, 
performed here, a phage sensitive bacterial strain 
(donor) is infected with the transducing phage. Following 
cell lysis the phage are freed from bacteria and 
concentrated by centrifugation if necessary. The 
recipient strain, phage sensitive but differing 
genetically from the donor is then infected with the 
lysate. After phage adsorption the cells are plated on 
selective media. Clones derived from surviving cells 
possessing newly acquired characters (eg prototrophy) 
transferred from the donor (at the low frequency of about 
10”  ^ to 10”  ^ of infected cells) can be selected from the
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large background of uninfected "recipients” eg by
culturing on minimal media plates.
The donor strain used here was RV308(pAT153). RV308 is 
streptomycin (sm) resistant, due to a chromosomal gene. 
Plasmid pAT153 is a deletion derivative of pBR322 
(figures A6.8 and A6.7). The plasmid was not expected to 
be involved in the transduction procedure, due to the 
small size of the DNA.
PROCEDURE
The procedure is described in the Methods section 2.2.Iw. 
RESULTS
The number of prototrophic transductants obtained is 
shown in table 4.1. The viable count of the 10 x 
concentrated cell suspension was 10^^ CFU/ml hence the 
MCI was 0.1 of that calculated. 50/il of the neat donor 
lysate gave no growth on L-agar or on L-agar containing 
100/ig/ml streptomycin. Hence the donor strain had not 
been carried over in the lysate. 68 putative transductant 
colonies were picked onto (A) M9 agar and (B) L-agar 
containing 100/xg/ml streptomycin. Only one colony was 
both prototrophic and streptomycin resistant. 67 were 
prototrophic but streptomycin sensitive. Hence the 
majority of colonies were not due to contamination by the 
donor RV308 (streptomycin resistant). One may have been 
RV308 or possibly was a co-transductant of MD3 3
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Table 4.1
The titre of the donor lysate used to infect the 
recipient strain (MD33) was 3x10^ PFU/ml. 5ml of an 
overnight culture of MD33 were added to 80ml of L-broth 
and shaken 2 hours at 37°C, The culture of MD33 at an 
ODgoo of 1.0 was concentrated 10-fold by centrifugation 
(see Methods section 2.2.1w). The cells were resuspended 
in L-broth containing ImM CaCl2 . This 10 x concentrated 
recipient suspension (ION) (assumed to be 10 CFU/ml) was 
infected with donor lysate at a predicted multiplicity of 
infection (MOl) of 0.01, 0.1 and 1. Appropriate volumes 
of dilutions of donor lysate were added to 1ml aliquots 
of ION suspension. Tubes were incubated at 37°C for 10 
minutes and cells washed twice in 0.85% NaCl and 
resuspended in 0.2ml of NaCl - Na citrate solution. 0.1ml 
samples of neat and 10“  ^ dilution were plated on 
selective media. Recipients without phage addition (tubes 
7 and 8), and the donor lysate were plated as controls. A 
viable count of the ION suspension was performed for 
calculation of actual MOl. The selective medium was M9 
agar (selective for prototrophs). The transduction of 
streptomycin resistance was also investigated as a 
further control. The same method was used except that 
after incubation of donor lysate and the recipient 
together for 10 min at 37°C, the cells were washed twice 
in 0.85% NaCl, resuspended in 1ml L-broth and incubated 
at 37°C for 30 min to allow for gene expression. The 
cells were resuspended in 0.2ml NaCl - Na citrate 
solution and 0.1ml aliquots of neat and 10“ dilution 
spread on L-agar containing lOOjug/ml streptomycin.
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(streptomycin resistant and prototrophic). This is 
unlikely as only 4 transductants to streptomycin 
resistance were obtained in total.
Table 4.1 PI transduction
Tube number 1 2 3 4 5 6 7 8
vol.+ diln. 
of donor lysate
33jul
10“2
33Atl
10“^
33/il
1
33jLil
10“2
33/xl
io“i
33/il
1
0 0
MOl predicted .01 1 .01 •1 1 0 0
MOl calculated . 001 .01 •1 .001 .01 •1 0 0
Selective medium M9 M9 M9 LA+
sm
LA+
sm
LA+
sm
M9 LA+
sm
number Neat
r'l-F
8 123 "■500 2 1 1 0 1
-1colonies 10 1 2 40 0 0 0
putative trans­
ductants /ml ION 16 246 800 4 2 2 - -
LA = L-agar (Luria agar) (Materials section 2.1.2b) 
M9 = M9 agar (Materials section 2.1.2d)
Four colonies from M9 agar showing prototrophy and 
streptomycin sensitivity were selected for further tests. 
They were shown to be negative for tryptophanase 
production (no co-transduction from RV308). One of the 
transductants was shown to have the same antibiotic 
profile as the recipient MD33, using a range of 
antibiotics on multi-disc. Furthermore, the same reaction 
profile on an API-E biochemical test strip was obtained, 
indicating E, coli.
The new strain was named API and was transformed with 
pFClO (methods section 2.2.Ix).
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Analysis of the new strain/plasmid expression system
Induction of tryptophanase in APl(pFClO) was investigated 
as described in figure 4.1. Also cultures were assayed 
for viable count and for tryptophanase production by the 
assay described in the Methods section 2.2.3f. The 
uninduced culture contained 2.4 U (xlO"”^ ®)/CFU and the 
induced culture produced 32.5 U (xlO“^^)/CFU.
Tryptophanase of E. coli K12 and B is a 52 Kdalton 
protein (Deeley and Yanofsky, 1981) . A band in the 
induced culture corresponding to this size can be seen 
migrating more slowly than the 43Kdal standard but faster 
than the 68Kdal standard.
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Figure 4.1
A 10ml tube of L-broth containing 500/ig/ml ampicillin was 
inoculated with a colony of APl(pFClO) from an L-agar 
plate containing lOOjug/ml ampicillin (see section 
2.2.1y). The culture was incubated at 37°C with shaking 
at 200rpm. When the OD^QQ reached 0.8 the 10ml culture 
was aseptically split into two 5ml volumes. One culture 
was induced with IPTG to O.lmM final concentration, the 
other had no addition. The two cultures were incubated 
for 1 hour at 37°C with shaking at 200rpm. 1ml of each 
culture was centrifuged. Each cell pellet was resuspended 
in 200jLil of 2x SDS-sample buffer. Each suspension was 
heated to 100°C and 20/xl was loaded in a well of a 15% 
polyacrylamide gel (section 2 . 2 . 1 z ) . lOjul of a BRL 
molecular weight standard solution, also in sample 
buffer, and similarly treated was also applied to a well. 
The gel was electrophoresed as indicated in the Methods 
section 2.2.ly. and stained with coomassie blue.
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Figure 4.1 SDS polyacrylamide gel electrophoresis to 
show tryptophanase induction
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DISCUSSION
The new host/plasmid system which was required was shown 
to have been constructed as explained in this section 
and in section 3. The plasmid pFClO was found to 
unexpectedly contain the 5* of the tetracycline 
resistance gene as explained in section 3.
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SECTION 5
MEASUREMENT OF THE SUBSTRATE AFFINITY VALUES OF PLASMID 
CARRYING AND PLASMID FREE CELLS USING CONTINUOUS CULTURE
SUMMARY
The measurement of substrate affinity of P~ cells using 
the method of Button (1969) was attempted. At first this 
was unsuccessful due to oxygen limitation in the culture. 
The second attempt indicated that biomass measurement 
would be required on a large number of separate chemostat 
experiments, each at a different feed glucose 
concentration. Linear regression would then be required 
to determine the intercept on the x-axis.
The importance of determining that a culture is limited 
for the required substrate was demonstrated. The 
chemostat pulse technique was found to be a suitable 
method for this.
A second method was employed to determine the Ks for 
glucose using chemostat culture. This utilised the method 
of rapidly filtering the bacterial cells from the 
medium. The cell free culture medium was then assayed for 
residual glucose concentration using three different 
assays. The results were inconclusive due to difficulties 
in measuring very low concentrations of glucose. The 
phenol-sulphuric method reacts with cell wall components, 
the GOD-Perid assay reaction was inhibited by 
component ( s ) in the medium and the GOD-PAP assay 
exhibited much scatter.
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The results for plasmid instability of the culture and a 
stock of samples taken during chemostat cultures were 
used for modelling studies and in analysis in later 
sections.
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GENERAL INTRODUCTION
Some unstructured stability models (section 1.13a) have 
incorporated terms for the substrate affinity (Ks) 
(sometimes referred to as the Monod saturation constant). 
Prior to this study the Ks value had not been directly 
measured on both P"^  and their P” counterpart, to see 
whether there is a difference. Sec and Bailey (1985) 
calculated Ks using the Monod equation modified to 
include inhibition by methylglucose. No Ks difference 
was found between cells with widely different plasmid 
copy numbers using their techniques. A Ks difference 
would be one potential reason for the growth rate 
difference so often encountered, as discussed in section 
1, the other being a change in incorporation of
known Ks values in a mathematical model would enable the 
determination of other parameters important to the 
kinetics of instability.
Few determinations of Ks values have been made. This is 
because the values are extremely low (often below the 
sensitivity of chemical assay methods) and, unless the 
sampling or assay is instantaneous, the substrate level 
(s') may fall substantially before the sample is assayed. 
The methods used to measure the values of s' at different 
growth rates are as follows; (i) instantaneous 
measurement of the growth-limiting substrate in a 
chemostat culture at different growth rates as undertaken 
for oxygen (Johnson, 1967); (ii) measurement of initial
growth rates with different substrate concentrations in 
batch cultures; (iii) measurement of the growth rates at
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the end of a culture (Monod, 1942) and measurement of the 
substrate concentration from the biomass and known yield 
factor; (iv) measurement of the critical dilution rates 
in chemostat cultures with different concentrations of 
the growth-limiting substrate in the feed medium (Dean 
and Rogers, 1967) and (v) the steady state method of 
Button (1969). The results of some Ks measurements for a 
variety of microorganisms have been given by Pirt (1975).
1. BUTTON'S METHOD
INTRODUCTION
A method for the determination of substrate affinity is 
the steady-state method of Button (1969), illustrated in 
figure 5.1. The intercept on the x-axis is equal to the 
substrate level in the fermenter vessel. Using known 
values of and dilution rate, Ks can be calculated
from the Monod equation (equation 5, page 59). It was 
postulated that a high dilution rate would lead to 
greater accuracy as more substrate would be left behind 
(according to equation 12 below) and hence a longer 
intercept obtained (figure 5.1). However the dilution 
rate should not be so high as to significantly affect the 
biomass level if small variations in dilution rate occur. 
This would occur at the steep part of the biomass vs 
dilution rate curve (Pirt, 1975), which is described by 
equation 12. The biomass value varies significantly when 
D is at 75% or greater of ^^ax" ^max value for P”
cells was calculated to be 0.79 H~^. Hence the D rate 
employed was 66% of
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Ks
(Pirt, 1975) (12)
Figure 5.1 Button's method for the determination of 
substrate affinity
X
D-D
0
Method of Button (1969) to determine the concentration of growth-limiting 
substrate (,y) at a given specific growth rate (/«- D) in a chemostat. Kach straight 
line is a plot of the steady-state biomass (.v)at a given dilution rate with dilfcrent con­
centrations (jr) of growth-limiting substrate in the feed medium. The straight line is 
represented by .v= -î) where }' is the growth yield. On extrapolation of the
line to x=o we have j,=i.
Reproduced from Pirt (1975)
PROCEDURE
The experiment was performed at glucose feed values of 4, 
7 and 10 grams/1. The dilution rate was set to 0.50 
(however see the discussion section on page 150). Biomass 
was determined as dry weight by taking a large sample of 
culture during steady state and splitting this into a 
number of 25ml samples. Samples were treated as described 
in section 2.2.3c.
RESULTS
The data is presented in table 5.1 and plotted in figure 
5.2. The intercept is on the Y axis. This indicated that
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the culture was growing under non-glucose limitation. The 
most likely cause was thought to be oxygen limitation. 
The air flow rate through the culture was 3 litres per 
minute, equal to 2.2 culture volumes per minute.
Table 5.1 Method of Button ( 1969) for Ks 
determination f1)
Feed glucose conc. 
(g/1) (Sr)
Biomass conc.
(g/1) (X)
10 2.044 ±0.0397
7 1.803 ±0.0290
4 1.590 ±0.0286
E. coli API (without plasmid) was grown in chemostat 
culture as described in the Methods section 2.2.2c in 
three separate fermentations at a dilution rate of 0.50 
H*" and an air flow rate of 3 1/min. The minimal medium 
of Evans et al. (1970) (Materials section 2.1.2a) was 
used except two of the fermentations were performed at 
the reduced glucose concentrations of 7 and 4 g/1. When 
the cultures had reached steady state as indicated by 
constant culture OD and gas analysis readings (Methods 
sections 2.2.3d and 2.2.2c respectively) biomass 
concentration (dry weight) was determined. Biomass was 
determined by removal of 12 0ml of culture which was 
cooled rapidly on ice. The culture was split into four 
25ml samples for the dry weight measurement (Methods 
section 2.2.3c).
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Figure 5.2
Biomass (g/1)
Method of Button
for Ks Determination
2
1
0
1 0-2 1 2 3 4 5 6 7 8 9 10 11 12
Feed Glucose (g/1)
D 0.50 /H
Results from table 5.1. The intercept of the line is on 
the Y-axis. This indicated that the growth of the culture 
was not limited by glucose (ie a glucose concentration of 
zero indicates over 1 g/1 biomass).
Oxygen limitation was demonstrated by experiments which 
employed the chemostat pulse technique (Kuhn at al . , 
1979):-
The chemostat was set at a dilution rate of 0.17 H“ .^ The 
air flow rate was 3 1 H” .^ A pulse of glucose solution, 
and later a pulse of ammonium chloride solution were 
added. The results are summarised in figure 5.3.
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Figure 5.3
OD 600
Steady State Chemostat 
Nutrient Puises
A
glucose
A
ammonium
chloride
0 1 2 3 4 5 6 7 8
Time (H)
E, coli API (without plasmid) was gj*own in chemostat 
culture at a dilution rate of 0.17 H  ^ and an air flow 
rate of 3 1/min. The minimal medium of Evans et al. 
(1970) (Materials section 2.1.2a) was used at 10g/1 
glucose. When the culture had reached steady state as 
indicated by a constant culture OD^qq of approximately
5.5 units and constant gas analysis readings a sterile 
solution of glucose containing a total of 15g of glucose 
was added to the fermenter. After approximately 2 hours a 
solution of NH^Cl containing a total of 8g was added to 
the fermenter.
The steady-state OD value of the culture did not change 
significantly. This indicated the culture was neither 
carbon or nitrogen limited.
The chemostat was run at a dilution rate of 0.54 and
an air flow rate of 6 1 A pulse of glucose caused a
rise in OD as shown in figure 5.4. The results indicate 
that a rate of 3 1 air flow is insufficient. All
future experiments employed 6 1 air flow (equal to
4.4 culture volumes per minute).
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Figure 5.4
OD 600
Steady State Chemostat 
Nutrient Pulse
glucose
10
86 7543210
Time (H)
D 0.54 /H  Air 6 1/mln
E, coli API (without plasmid) was grown in chemostat 
culture at a dilution rate of 0.54 and an air flow
rate of 6 1/min. The minimal medium of Evans et al , 
(1970) (Materials section 2.1.2a) was used at 10 g/1 
glucose. When the culture had reached steady state as 
indicated by a constant culture OD^qq of approximately
12.5 units and constant gas analysis readings a sterile 
solution of lOg of glucose was added to the fermenter.
Button's method for Ks determination was repeated at 6 
1/H air input rate and a dilution rate of 0.55 H“ .^ The 
experiment was performed at two values of Sr, 7 and 10 
g/1 of glucose, on a culture of P“ cells. Results are 
presented in table 5.2 and figure 5.5. As seen in figure
5.5 a negative value for s' was obtained which is 
impossible. At this point the method was discontinued for 
reasons presented in the discussion section.
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Table 5.2 Method of Button ( 1969 V for Ks
determination (2)
Feed glucose conc. Biomass conc.
(g/1) (Sr) (g/1) (X)
10 4.346 ±0.008
7 3.085 ±0.012
E, coli API (without plasmid) was grown in chemostat 
culture as described in the Methods section 2.2.2c in 
two separate fermentations at a dilution rate of 0.55 H” 
and an air flow rate of 6 1/min. The minimal medium of 
Evans et al, (1970) (Materials section 2.1.2a) was used
except one of the fermentations was performed at the 
reduced glucose concentrations of 7 g/1. When the 
cultures had reached steady state as indicated by 
constant culture OD and gas analysis readings (Methods 
sections 2.2.3d and 2.2.2c respectively) biomass 
concentration (dry weight) was determined. Biomass was 
determined by removal of 220ml of culture which was 
cooled rapidly on ice. The culture was split into eight 
25ml samples for the dry weight measurement (Methods 
section 2.2.3c). After 4 hours further fermentation the 
ODgQQ and gas analysis values were steady and a further 
220ml sample was taken for dry weight determination as 
previously.
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Figure 5.5 Method of Button
for Ks Determination
5
4
3
2
1
0
50 2 3 4 6 7 8 9 10 11 1211
Feed Glucose (g/1)
D 0.55 /H
Results from table 5.2. The intercept of the line between 
the two points intercepts the negative section of the X- 
axis.
DISCUSSION
It was decided that the methods used for biomass 
determination are not sufficiently accurate for this 
technique. If they were then even with two experimental 
points the intercept would be expected on the positive 
part of the x-axis at approximately 0.01 g/1 (ie using 
equation 12 and values of Ks = 4mg/l for E, coli on 
glucose (Monod, 1942; Pirt, 1975), D = 0.55 and
= 0.79 the value of s' = 9.17mg/l. The experiment was
not performed at 4 g/1 as had been planned, but
discontinued. Another potential source of error is 
variation in the dilution rate. This may be caused by 
variation in voltage supplied to the peristaltic pump. 
The main cause can be due to compression of the piping in 
the pump rollers which occurs, to a slight extent, even
150
with Marprene tubing (Watson Marlow). The dilution rates 
measured close to the time of biomass sampling were 0.505 
at 10 g/1 feed glucose, and 0.522 for 7 g/1 feed
glucose. Errors are possible in taking these measurements 
when timing the filling of a 25ml pipette with a stop 
watch. An alternative method for measuring feed rate, and 
much less intrusive on the system, is to time the filling 
of a large, aseptically closed measuring cylinder. 
Variations in feed rate can be reduced to a minimum by 
employing a balance which continuously monitors the 
weight of the feed medium reservoir and adjusts the pump 
via computer control.
It may be possible to get accurate results using Button's 
method by employing many Sr levels and using linear 
regression to find the intercept on the x-axis. The 
experiment would then be repeated for cells to
determine the Ks difference. This would have taken a 
great deal of time - a separate chemostat experiment 
being required for each experimental point. There is also 
the possibility that during sampling of the P"^  chemostat 
culture, sufficient numbers of P” cells may have arisen 
to influence the results. The cells could utilise 
residual glucose leading to the same biomass values for 
each cell type (assuming yield values are equal for each 
cell type, which is expected and that P” cells have a 
higher affinity for glucose).
%
The work presented above showing there was originally 
oxygen limitation demonstrates that assumptions should 
not be made about medium properties. The exact limitation
151
of a particular medium described in the literature should 
be confirmed by the pulse technique with the organism in 
use. Also the problem of oxygen limitation is easily 
overlooked. Setting a minimum limit for dissolved oxygen 
concentration may not be meaningful.
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2. INSTANTANEOUS MEASUREMENT OF SUBSTRATE LEVELS 
INTRODUCTION
A novel method for measuring substrate affinity 
applicable to unstable organisms, such as plasmid bearing 
bacteria, is to take instantaneous measurements of 
substrate concentration (s') in the outflow medium of a 
continuous culture. As the population changes (ie 
takeover of P” cells) the s' value would change according 
to the substrate affinity of the predominant or emerging 
cell type. The s' value may change rapidly. Assuming the 
P“ cells emerging have a greater affinity the s' value 
would decrease. However, only a very small proportion of 
P“ cells in the culture may be required to "mop up" the 
excess nutrients. This would lead to a quick reduction in 
s' during the first few generations of the culture. It 
was postulated that s' would change according to the 
equation of Powell (1958) (equation 9, page 61). The 
value of s' is described by equation 12 also (page 144) 
for pure cultures (ie P"^  or P"" cells only) . Hence using 
jUmax values calculated from batch culture (section 6), 
and s' values from the beginning and end of the course 
of the culture, Ks could be calculated for P"^  and P” 
cells. However, as discussed in section 8 (page 203, 
modelling results) changes with copy number, which
in turn changes with dilution rate (or growth rate in 
batch culture). Therefore a measured Ks value for P"^  
cells is not absolute.
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RESULTS
Chemostat culture was performed in glucose limited 
minimal medium at a dilution rate of 0.423 
Instantaneous s' measurements were determined using the 
GOD-Perid method (Boehringer Corporation Ltd)) . The 
results are presented in figure 5.6. The glucose 
concentration fell from 4 to 0.19/xg/ml during the course 
of the experiment as measured by the GOD-Perid method. 
There was a sharp initial drop which may correspond to 
some drop in the proportion of P*^  cells during this time. 
However the stability assay registered a slight rise then 
fall in the P*^ proportion during this initial stage. This 
was probably due to variation which occurs with the IPTG 
plating assay used for stability measurement for the 
initial samples. The glucose values measured by the 
phenol method showed an overall downward trend during the 
fermentation.
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Figure 5.6 GLUCOSE LIMITED CHEMOSTAT
GLUCOSE (S') LEVEL
0.5
100908060 7040 503020100
Generations
Proportion P+ 
OD 600 xO.1
S’jug/mixO.1 GOD-Perld method 
-G- S'jug/mlx.005 phenol method
An inoculum culture of APl(pFClO) was grown overnight in 
minimal medium (Materials section 2.1.2a) in the presence 
of lOOjug/ml carbenicillin to an ODgoo value of between 5 
and 8 (Methods section 2.2. 2e) . The proportion of 
cells was greater than 0.998 (Methods section 2.2.4a(a)). 
The fermenter was inoculated. When the culture had 
reached the end of exponential phase the medium pump was 
set at a feed rate to give a dilution rate of 0.423 
(Methods section 2.2.2c). After 5 generations the OD^qq 
and gas analysis values (Methods sections 2.2.3d ana 
2.2.2c) were steady. The culture medium was sampled 
(Methods section 2.2.6) and glucose concentration
measured in the samples by the phenol-sulphuric method
(Methods section 2.2.3 i) and the GOD-Per id method
(Methods section 2.2.3] and Appendix 1). Plasmid
stability was also measured (Methods section 2.2.4a).
The experiment was performed with the chemostat set at a 
dilution rate of 0.243 The GOD-PAP method was used
for the glucose measurement because it had become 
apparent at this stage that the GOD-Perid method was 
unreliable (see Discussion and Appendix 1). The results 
are presented in figure 5.7. For the glucose 
concentration there was much scatter around a mean value 
for the fermentation of 1.8/ig/ml.
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Figure 5.7 GLUCOSE LIMITED CHEMOSTAT
GLUCOSE (S') LEVEL
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Generations
— Proportion P+ gluco8e(jug/ml x 0.1) * OD 600 culture(xO.I)
GOD-PAP method
An inoculum culture of APl(pFClO) was grown overnight in 
minimal medium (Materials section 2.1.2a) in the presence 
of lOO/xg/ml carbenicillin to an OD^qq value of between 5 
and 8 (Methods section 2.2. 2e) . The proportion of 
cells was greater than 0.995 (Methods section 2.2.4a(a)). 
The chemostat was inoculated. When the culture had 
reached the end of exponential phase the medium pump was 
switched on and set at a feed rate to give a dilution 
rate of 0.243 (Methods section 2.2.2c). After 0.5 of
a generation, before and after the OD^qq and gas analysis 
values (Methods sections 2.2.3d and 2.2.2c) were steady 
the culture medium was sampled (Methods section 2.2.6) 
and glucose concentration measured in the samples by the 
the GOD-PAP method (Methods section 2.2.3] and Appendix 
1) . Plasmid stability was also measured (Methods section 
2.2.4a).
DISCUSSION
The glucose concentration results presented in figures
5.6 and 5.7 cannot be considered significant. For the 
GOD-PAP method there is considerable scatter. Later tests 
on the GOD-Perid method showed that some factor present 
in the fermentation medium could inhibit the reaction and 
depress the result. Details are given in Appendix 1. The 
phenol method reacts with cell wall components etc as 
discussed in Appendix 1 so cannot be considered 
reliable.
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SECTION 6
AN INVESTIGATION INTO THE SUBSTRATE AFFINITY VALUES OF 
PLASMID CARRYING AND PLASMID FREE CELLS USING BATCH
CULTURE
SUMMARY
The Ks and values for P*^  and P~ cells were measured
using batch culture. A set of computer programs were 
applied to the data to calculate the values. Measurement 
of glucose concentration in the culture medium was 
required for Ks calculation. The experimentally derived 
glucose concentration values were not used because the 
GOD-PAP assay was found to give inconsistent results. 
Instead, glucose concentration values were calculated 
from the biomass data using the known yield factor.
The values for Ks of P"^  and P” cells calculated by the 
programs were not considered to be accurate. This is due 
to the small number of data points used in the final 
program in the set, especially during the final 30 
minutes of growth, and due to inaccuracies inherent in 
the ODgQQ measurement for biomass.
The calculations of Mmax the semi-logarithmic plot
method indicated a slightly lower value for P"^
cells. This was thought to be due to an the expression of 
tryptophanase to a level of approximately 1% of total 
cell protein.
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INTRODUCTION
Due to the problems encountered using continuous culture 
it was decided to employ batch culture to measure
substrate affinity. The method is analogous to the
measurement of the Michaelis-Menten constant of an enzyme 
(Pirt, 1975).
PROCEDURE AND RESULTS
Batch cultures of P"^  or P~ cells were grown as described 
in the Methods section 2.2.2d using the minimal medium of 
Evans et ai. (1970) (section 2.1.2a). The air input rate 
was at 6 1/min to avoid oxygen limitation (section 
2.2.2d and see page 147). The inoculum for the batch 
cultures of both P~^ and P” cells was an overnight culture 
with an ODgQQ value between 5 and 8 units. The inoculum
for the fermentation with P"^ cells (grown in the presence
of carbenicillin for plasmid maintenance as in Methods 
section 2.2.2e) was assayed for stability (Methods 
section 2 . 2 . 4a (a) ) . The proportion was 0.995 P"^  cells. 
The stability of the culture was monitored during the 
fermentation and the P"^  cell proportion did not fall 
below this value. A sample of broth was taken for biomass 
measurement (ODgQQ) at regular intervals of 10 to 20 
minutes. At almost exactly the same time a sample for 
glucose concentration was taken by the fast filtration 
method (Methods section 2.2.6).
Data from the experiments was input to a series of 
computer programs which enabled the calculation of Ks. 
The programs were used in the following way:
Values for dry weight of biomass (g/1) and time (hours)
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were entered into a polynomial curve fitting program 
("Poly 4"). The program calculates a fourth degree 
polynomial equation which best fits the data. Early 
studies on batch data indicated that 4th degree 
polynomials were the most consistent at fitting 
exponentially growing cultures. The program prints out 
the equation describing the curve and plots out the curve 
and data points. Program output for P"*" cells is shown in 
figure 6.1.
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F ig u re  6 .1
Data from a batch culture of E, coli APl(pFClO) performed 
as described in the Procedure and Results section (with 
glucose limitation) was input to the polynomial curve 
fitting program "Poly 4". The values are time (hours) and 
biomass (dry weight, g/1). The dry weight values were 
derived from a calibration equation for dry weight vs 
ODgQQ (Methods section 2.2.3e and Appendix 2). The data 
values were input with 4 decimal places. The program then 
prints the polynomial equation describing the curve and 
then prints out the data values at 2 decimal places (X: 
time, hours and Y: biomass, g/1). The program also
calculates Y values from X values and the equation, and 
prints them in the third column (Ycal). The standard 
deviation figure is the standard deviation of the fitted 
curve and is calculated by taking the square root of the 
sum of the squared differences between the Y and the Ycal 
values divided by the number of readings.
The program also prints the experimental data points and 
the curve described by the polynomial equation.
160
Figure 6.1 Polynomial curve fit ("Polv 4" output) 
for P*^ cells
POLYNOMIAL COEFFICIENTS IN Y«=A(0)«X+A( 1 )«X+ETC. ARE
Y=-l. 13850035E-2xX^0 +0. 176480686%X'^ l +-9.85234506E-2xX^'2 +2. 12569052E-2xX"'3
X Y Ycal
0.00 0.02 -0.01
1.25 0.05 0. 10
1.58 0.07 0. 11
2.00 0. 10 0. 12
2.92 0.22 0. 19
3.25 0.29 0.25
3.58 0.37 0.33
3.92 0.51 0.45
4.25 0.59 0.59
4.50 0.74 0.72
4.75 0.88 0.88
5.00 1.01 1.07
5.25 1. 18 1.20
5.50 1.50 1.52
5.75 1.78 1.79
6.00 2.06 2.09
6.25 2.52 2.43
6.50 2.79 2.81
6.67 3.09 3.09
6.83 3.42 3.37
6.92 3.59 3.54
7. 12 3.88 3.92
7.20 4.06 4.09
STANDARD DEVIATION «0.01
# OF P0LV=4
5
0.72 1.44 2.16 2.88 3.6 4.32 5.04 5.76 6.48 7.2
TIME. H
161
A short Basic program ("Rate 1") was used to 
differentiate the polynomial equation and calculate 
values of growth rate at each data point. The program 
accepts a standard set of constants from the polynomial 
equation and prints their corresponding value in the 
differential equation. "Rate 1" then calculates and 
prints growth rate values upon input of time and biomass. 
The program is listed in figure 6.2a. It transforms the 
equation from:-
X = (f) t (13)
(where X = biomass, t = time) to the differential dX/dt.
The value for dX/dt is then multiplied by the reciprocal 
of the biomass. The value obtained is equal to the growth 
rate :-
dX/dt * 1/X = n (14)
The output of "Rate 1" for cells is shown in figure 
6.2b. As can be seen in the third column, the first 11 
growth rate values calculated do not show a consistent 
trend. This is because the data points do not fit the 
polynomial equation (figure 6.1) very closely at this 
stage. After the value of 0.778 at 5.00 hours there
are 11 growth rate values which steadily decline. It was 
postulated that the decline is due to reducing limiting 
substrate concentration as described by the Monod 
equation.
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Figure 6.2
The basic program listed in figure 6.2a ("Rate 1") 
prompts the user for the input of the 2nd, 3rd and 4th 
constants of the polynomial equation printed out by "Poly 
4" in figure 6.1. The output of "Rate 1", presented in 
figure 6.2b, is to print the constants put in and to also 
print the values of the constants of the differential 
equation derived from the polynomial equation of figure 
6.1. (The program "Rate 1" is set for the 4th degree 
polynomial). The program then prompts the user for the 
same values as were input to "Poly 4" in figure 6.1. The 
user inputs the values to 4 decimal places, "Rate 1" 
uses the values to calculate the growth rate /x using an 
equation represented by equation (14). dx/dt in equation 
(14) represents the differentiated form of the polynomial 
equation at the top of figure 6.1 (differentiated by the 
"Rate 1" program in figure 6.2a). "Rate 1" prints the 
input in the two left hand columns and prints the growth 
rate value at each time point in the right hand column.
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Figure 6.2a Program "Rate 1" for calculating growth rates 
from the polynomial eguation.
10INPUT"2nd NUMBER",W 
20INPUT"3rd NUMBER",Y 
30INPUT"4th NUMBER",Z 
35PRINT
40A=W:B=Y*2;C=Z*3
45PRINT"DIFFERENTIATED CONSTANTS ARE :"
48PRINT
50PRINTA
60PRINTB
70PRINTC
80PRINT:PRINT
100X%=0
200X%=X%+l:PRINTX%;"th POINT"
300INPUT"TIME=",T,"BIOMASS=",X 
400MU=((A)+(B*T)+(C*(T^2)))/X 
500VDU2
600PRINTT," ",X," ",MU
700VDU3
800GOT0200
Figure 6. 2b Printed output from "Rate 1" for P"^  cells
RUN
2nd NUMBER?.176480686 
3rd NUMBER?-.0985234506 
4th NUMBER?.0212569052
DIFFERENTIATED CONSTANTS ARE :
0.176480686
-0.197046901
6.37707156E-2
T I M E H
1th POINT
B I OMASS.  C / L  G R O W T H  R A T E ,  r
TIME=?0
BIOMASS=?.01954 
0 1.954E-2 9.03176489
1.25 5.16E-2 0.577786872
1.58 6.82E-2 0.356947163
2 9.75E-2 0.384305087
2.92 0.2205 0.656863329
3.25 0.2883 0.727216235
3.58 0.3721 0.774963126
3.92 0.5083 0.75542624
4.25 0.594 0.826413985
4.5 0.7415 0.783717629
4.75 0.882 0.770220722
5 1.0092 0.77835322
5.25 1.1788 0.763203939
5.5 1.4968 0.682647566
5.75 1.7777 0.647961011
6 2.0587 0.626582329
6.25 2.518 0.570286391
6.5 2.7901 0.569867948
6.67 3.0922 0.549533292
6.83 3.4208 0.527795862
6.92 3.5852 0.520658855
7.12 3.882 0.516827644
7.2 4.0622 0.50800475
7.25 4.1152 0.510264117
7.3 4.1364 0.51648287
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To calculate Ks from the Monod equation, the calculated 
growth rate values (declining, values only) and the 
corresponding calculated glucose concentration values 
were input to a non-linear regression program (Page, 
1987) C'Non-lin") . Output from this program, for P"^  cell 
data, is shown in figure 6.3. Note that the terms Km and 
Vmax used by "Non-lin" in place of Ks and
respectively. This is due to the programs design for 
calculation of Michaelis-Menten kinetics. The 
calculations are identical to those for calculating Ks 
and (Page, 1987). Note that the values for
substrate concentration input to "Non-lin" were 
calculated from the measured biomass value and the known 
yield factor (Y(x/s) = 0.42, see Appendix 2). The same 
method was used by Monod (1942) to measure the Ks for 
glucose in E. coll. Measured glucose concentration values 
were not used because no accurate and consistent method 
was found. As described in Appendix 1 the GOD-PAP 
glucose assay method did not give reproducible results 
when samples needed to be diluted to the assay 
concentration range.
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Figure 6.3 Non-linear regression program ("Non-lin")
output for cells
DATA SET; P+O
SET CONTAINS 12 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
7.5972 0.7784
7.1933 0.7632
6.4361 0.6826
5.7673 0.648
5.0984 0.6266
4.0047 0.5703
3.3569 0.5699
2.6376 0.5495
1.8551 0.5278
1.4639 0.5207
0.7572 0.5168
0.3281 0.508
PROVISIONAL ESTIMATE OF KM=0.17 4 
PROVISIONAL ESTIMATE OF VMAX = 0.689
FINAL KM= 0.18
STANDARD ERROR = 9.02E-2
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.662 
STANDARD ERROR = 3.41E-2 
WITH 10 DEGREES OF FREEDOM
The program "Non-lin" prompts the user for input of data. 
The data required by the program is the calculated 
substrate concentration (see text) and the corresponding 
growth rate values calculated by "Rate 1" in figure 
6.2b. Only data where the growth rate values in figure 
6.2b show a consistent decline in value were used. Note 
"Non-lin" describes the growth rate input value as 
"velocity".
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"Non-lin" also calculated values of However, M^ax
was also calculated by linear regression analysis on a 
"semi-log plot". In this method the natural logarithm of 
the biomass values is plotted versus time. Only data 
points from the exponential phase are used, hence points 
not showing linearity were discarded. The gradient of the 
line best fitting the data is equal to the Mj^ ax value. 
The program used is named Powergraph (AVP Computing). 
Output and data are shown in f igure 6.4.
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Figure 6.4a/b Determination of of P'^ cells by
linear regression
Data values for time (hours) and biomass (dry weight, 
g/1) for the batch culture of P"^  cells (performed as 
described in Procedure and Results) were input to a 
linear regression program (Powergraph). Dry weight values 
were calculated from a calibration equation (Methods 
section 2.2.3e). Only data points from the exponential 
phase were used for calculating the linear regession 
equation. The exponential phase was assumed to include 
the points which are on or very close to a straight line, 
as drawn in figure 6.4a. The points are those on or near 
the continuous line drawn. The points not showing 
linearity, as judged by eye, beyond each end of the 
continuous line were therefore not input to the program. 
The program calculates the natural logarithm values for 
biomass, plots the values against time and prints the 
equation of the line (figure 6.4b). The gradient of the 
line best fitting the data points is equal to the Mmax 
value. The value at time: 0.00 hours. In biomass -3.94 
was not included in the linear regression to give a 
gradient H"^) of 0.770. When linear regression is
performed with the data point the gradient is 0.781.
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Figure 6.4a
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Figure 6.4b Data points and Powergraph input and output 
cells
Time (hours) Dry Weight (g/1) Data points input
00
25
58
00
92
25
58
92
25
50
75
00
25
50
5.75 
6. 00
6.25 
6.50 
6.67 
6.83 
6.92 
7.12 
7.20
7.25 
7.30
0.0194 
0.0516 
0.0682 
0.0975 
0.2205 
0.2883 
0.3721 
0.5083 
0.5940 
0.7415 
0.8820 
1.0092 
1.1788 
1.4968 
1.7777 
0587 
5180 
7901 
0922 
4208 
5852 
8820 
0622 
1152
(note 1)
4.1364
Data was transformed to In biomass by the program.
Linear regression output for data points joined by 
continuous line in figure 6.4a (Powergraph program) 
(markeh* above):
Y = 0.7704 * X - 3.825 
Gradient =0.7704 
Y-axis intercept = -3.825 
X-axis intercept = 4.965 
Correlation coefficient = 0.9984
The data points not input to linear regression are shown 
in figure 6.4a but are not joined by or close to the 
continuous line.
note 1; when data point included in linear regression 
data the gradient is calculated as 0.781.
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When putting data into the first program - "Poly 4" 
(figure 6.1) some final data points needed to be omitted. 
For example the points at times 7.2 5 and 7.3 hours in 
"Rate 1" (figure 6.2) - these data points were input to 
"Rate 1" to demonstrate this point but not used in "Non- 
lin" for Ks calculation (figure 6.3). When these two 
points were originally used in "Poly 4" a sharp decline 
in gradient was apparent in the trend of the data points. 
(Due to decline in growth rate). It was not possible to 
generate a polynomial curve which changed gradient so 
rapidly. It was found that if these data points were 
included in "Poly 4" then the curve did not fit the other 
data points so well according to the regression value 
calculated by the program. Furthermore if these points 
are used to calculate growth rate from "Rate 1" (figure 
6.2) then the results are not sensible. For the two data 
points an increase in growth rate is calculated by the 
program, as shown in column 3. When the points were 
included in the polynomial curve fit and the subsequent 
equation used in "Rate 1" similar errors were produced 
(data not shown). In a similar way some final data points 
were excluded for P~ cells, and for cultures with IPTG 
addition in section 7.
The values of and Ks for P” cells were determined by
the same procedure. Batch cultures of P“ cells were grown 
by the same method as described previously for P*^  cells. 
Output from the programs for "Poly 4", "Rate 1", "Non- 
lin" and from "Powergraph" are shown in figures 6.5, 6.6, 
6.7 and 6.8 respectively.
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F ig u r e  6 .5
Data from a batch culture of E. coli API performed as 
described in the Procedure and Results section was input 
to the polynomial curve fitting program "Poly 4". The 
values are time (hours) and biomass (dry weight, g/1). 
The dry weight values were derived from a calibration 
equation for dry weight vs OD^qq (Methods section 2.2.3e 
and Appendix 2). The data values were input with 4 
decimal places. The program then prints the polynomial 
equation describing the curve and then prints out the 
data values input at 2 decimal places (X: time, hours and 
Y: biomass, g/1). The program also calculates Y values 
from X values and the equation, and prints them in the 
third column (Ycal). The standard deviation figure is the 
standard deviation of the fitted curve and is calculated 
by taking the square root of the sum of the squared 
differences between the Y and the Ycal values divided by 
the number of readings. The program also prints the 
experimental data points and the curve described by the 
polynomial equation.
172
Figure 6.5 ”Polv 4" output for P“ cells
POLYNOMIAL COEFFICIENTS IN Y=A(0)*X+A(1)*X+ETC. ARE
Y=-0. 395524447xX^0 +0. 5O0319618xX'^l +-0. 180621794xX^'2 +2. 90804774E-2xX^'3 +
X Y Ycal
1.50 0.08 0.06
1.83 0. 10 0. 11
2.00 0. 12 0. 13
2.33 0.16 0. 18
2.67 0.21 0.23
3.25 0.35 0.35
3.50 0.42 0.42
3.75 0.51 0.50
4.00 0.61 0.61
4.25 0.73 0.73
4.50 0.89 0.88
5.08 1.36 1.34
5.25 1.51 1.50
5.50 1.79 1.77
5.75 2. 13 2.08
6.00 2.36 2.43
6. 13 2.57 2.63
6.28 2.79 2.88
6.40 3. 10 3. 08
6.57 3.41 3.39
6.67 3.71 ■ 3.59
6.92 4.07 4. 11
STANDARD DEVIATION =0.01
# OF P O L V M
Tf
5
4.5 
4
3.5 
3
2.5 
2
1.5 
1
8.5 
0
0.692 1.384 2.076 2.768 3.46 4.152 4.844 5.536 6.228 6.92
IIHEJ
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Figure 6.6 "Rate 1" output. P” cells
2nd NUMBER?.508319618 
3rd NUMBER?-.180621794 
4th NUMBER?.0290804774
DIFFERENTIATED CONSTANTS ARE I
0.508319618
-0.361243588
8.72414322E-2
T I M E .  H B I O M A S S . G / L GROWTH RATE.  H - l
1.5 8.14E-2 1.99935452
1.83 0.1041 1.33916123
2 0. 121 1.11403447
2.33 0.1595 0.879291968
2.67 0.2117 0.782875219
3.25 0.3512 0.728261915
3.5 0.4234 0.73848513
3.75 0.5101 0.74591022
4 0.6081 0.755152411
4.25 0.7344 0.747321266
4.5 0.8942 0.726193775
5.08 1.3632 0.67824933
5.25 1.5127 0.671899752
5.5 1.7911 0.647944396
5.75 2.1313 0.617270604
6 2.3581 0.628281094
6. 13 2.5746 0.61064204
6.28 2.7911 0.602046642
6.4 3.1003 0.570838215
6.57 3.4096 0.557460389
6.67 3.7086 0.533921221
6.92 4.0746 0.536541527
The basic program listed in figure 6.2a ("Rate 1") 
prompts the user for the input of the 2nd, 3rd and 4th 
constants of the polynomial equation printed out by "Poly 
4" in figure 6.5. The output of "Rate 1", presented in 
figure 6.6, is to print the constants put in and to also 
print the values of the constants of the differential 
equation derived from the polynomial equation of figure 
6.5. (The program "Rate 1" is set for the 4th degree 
polynomial). The program then prompts the user for the 
same values as were input to "Poly 4" in figure 6.5. The 
user inputs the values to 4 decimal places, "Rate 1" 
uses the values to calculate the growth rate ji using 
equation 14. "Rate 1" prints the input in the two left 
hand columns and prints the growth rate value at each 
time point in the right hand column.
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Figure 6.7 "Non-lin" output for P” cells
DATA SET: P-O
SET CONTAINS 13 DATA PAIRS
SUBSTRATE
CONCENTRATION
8.5522
8.2515
7.8711
6.7542
6.3983
5.7356
4.9255
4.3855
3.8701
3.3546
2.6182
1.8819
1.17
VELOCITY
0.7552
0.7473
0.7262
0.6782
0.6719
0.6479
0.6173
0.6283
0.6106
0.602
0.5708
0.5575
0.5339
PROVISIONAL ESTIMATE OF KM=0.649 
PROVISIONAL ESTIMATE OF VMAX = 0.756
FINAL KM= 0.67 
STANDARD ERROR = 0.153 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.752 
STANDARD ERROR = 2.6E-2 
WITH 11 DEGREES OF FREEDOM
The program "Non-lin" prompts the user for input of data. 
The data required by the program is the calculated 
substrate concentration (see text) and the corresponding 
growth rate values calculated by "Rate 1" in figure 6.6. 
Note "Non-lin" describes the growth rate input value as 
"velocity".
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Figure 6.8a/b Determination of Mj^ ax —  —~ bv linear
regression
Data values for time (hours) and biomass (dry weight, 
g/1) for the batch culture of P” cells (performed as 
described in Procedure and Results) were input to a 
linear regression program (Powergraph). The dry weight 
values were calculated from a calibration equation 
(Methods section 2.2.3e. Only data points from the 
exponential phase were used for calculating the linear 
regession equation. The exponential phase was assumed to 
include the points which are on or very close to a 
straight line, as drawn in figure 6.8a. The points are 
those on or near the continuous line drawn. The points 
not showing linearity, as judged by eye, beyond each end 
of the continuous line were therefore not input to the 
program. The program calculates the natural logarithm 
values for biomass, plots the values against time and 
prints the equation of the line (figure 6.8b). The 
gradient of the line best fitting the data points is 
equal to the M^ax value.
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Figure 6.8a
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Figure 6.8b Data points and Powergraph input and output 
P“ cells
Time (hours) Dry Weight (g/1) Data points input
0. 00 
1.50 
1.83
00
33
67
25
50
75
00
25
50
08
25
50
75
6. 00 
6.13 
6.28 
6.40 
6.57 
6.67 
6.92
0.0162 
0.0814 
0.1041 
0.1210 
0.1595 
0.2117 
0.3512 
0.4234 
0.5101 
0.6081 
0.7344 
0.8942 
1.3632 
5127 
7911 
1313 
3581 
5746 
7911 
1003 
4096 
7086 
0746
Data was transformed to In biomass by the program.
Linear regression output for data points joined by 
continuous line in figure 6.8a (Powergraph program) 
(marked * above):
Y = 0.7891 * X - 3.669 
Gradient = 0.7891 
Y-axis intercept = -3.669 
X-axis intercept =4.649 
Correlation coefficient = 0.9994
The data points not input to linear regression are shown 
in figure 6.8a but are not joined by, or close to, the 
continuous line.
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The values for Mmax Ks of and P" cells in the
medium and conditions employed are summarised in table 
6 .1.
Table 6.1 Substrate affinity and maximum specific growth 
rate values of P"^  and P~ cells
Ks for glucose ^max
(g/1) (H-l)
p~ 0.670 ±0.153 0.79
p+ 0.180 ±0.090 0.77
Methods are as described in the text. The M^ax 
value is that from the linear regression method 
(figures 6.4 and 6.8).
During the batch cultures samples were taken for 
tryptophanase measurement and assayed as described in 
Methods section 2.2.3f. The results are in table 6.2.
Table 6.2 Trvptophanase expression in batch culture
^^600 . 
of culture at
time of sampling
Tryptophanase 
(% of total cell 
protein)
P" 5.0 0.0
P"*" 6.2 0.9
P+ 11.4 1.2
During batch cultures samples were taken for 
tryptophanase measurement. The samples were assayed 
as described in Methods section 2.2.3f.
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DISCUSSION
The values for the Ks results indicate that there is a 
significant difference between P*^  and P” cells. However 
an increase in Ks value would be expected for plasmid 
carriage (reduction in substrate affinity). However when 
the results for Ks calculation on induced cells are 
examined (section 7) it can be seen that there is a 
general variation and no trend can be determined (it may 
be expected that Ks values would increase with induction 
increase). Seo and Bailey (1985) measured Ks values of P“ 
cells and of P"^  cells with various copy numbers. They 
found variations in the Ks value (which did not show a 
general trend with copy number increase) but the 
variations were not significant. The plasmid copy 
numbers were 12, 24, 60, 122 and 408 copies per cell. The 
size of the plasmids were all approximately 8.4kb. The 
copy number of pFClO is aproximately 10 per cell (section 
9) and the size is 8.7kb. Therefore properties are 
similar.
Examination of data reveals the reason for the large 
difference in Ks calculated for P"^  and P" cells (figures 
6.3 and 6.7). In figure 6.3 the growth rate, at a 
substrate concentration of 0.3281 g/1 is more than half 
the maximum calculated by the program. Hence the glucose 
concentration required to support a growth rate of 0.5 
jLtmax be well below this (it was calculated to be
0.18 g/1). In figure 6.7 the substrate level was much 
higher when the growth rate value was similar to that for 
P"^  cells at 0 . 5339 H” .^ Hence for the growth rate to 
decline to half the maximum a greater level for s' was
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calculated from the regression curve. The unexpectedly 
high substrate level at this point may reflect inaccuracy 
in biomass determination (glucose levels were calculated 
from yield). Ultimately, therefore, the substrate 
concentration was determined from an OD^qq for biomass. 
Inaccuracies may arise from dilution of the sample. The 
same yield factor was used for P“ and P"^  cells since no 
significant difference was found (see Appendix 2). The 
calibration curves for O D ^ q q  v s  dry weight were slightly 
different (Appendix 2). This probably reflected 
experimental variation. A difference in substrate yield 
is not expected. For P"*" cells the yield is expected to 
take longer to reach due to a lower growth rate.
More data points during the final stage of growth may 
give a more accurate Ks estimation. Inaccuracies from 
biomass measurement would be smoothed out by the 
regression curve. Examination of sampling times (figures 
6.2 and 6.6) show that samples were being taken at 
intervals as low as 5 to 10 minutes. The time reflects 
the required time for sample processing. Samples for 
glucose were also taken which took a large proportion of 
the time. Since the results from glucose measurement were 
not used, in hindsight, these samples when omitted would 
allow more time for biomass measurement. OD ^ Q Q 
measurement is time consuming since spectrophotometer 
readout takes a few minutes to stabilise. The problem was 
alleviated by maintaining the samples on ice for a few 
minutes. Although samples were taken every 15 minutes 
prior to the final stage of rapid growth deceleration, at 
the final stage only about 6 samples could be taken
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before growth ceased altogether. If the glucose sample 
was omitted then perhaps 10 samples could be taken in 
this final 30 minutes, with sample storage on ice. The 
solution would be in the use of non-invasive measurement 
methods. Probes for biomass are available (eg "The 
Bugmeter" (Harris et al,, 1987).
By measuring the residual substrate concentration we 
measure either the organisms affinity for a substrate 
(Ks) or the rate at which it assimilates it (q, eg 
^glucose)* convenience we have chosen to measure
substrate affinity and to use this value to express the 
phenomenon of substrate uptake. We feel the distinction 
is a subtle one. q and Ks are linked by the following 
equations:
^glucose “  ^ (Pirt, 1975) (15)
where q = uptake rate of glucose per g of biomass
Y = substrate yield (g biomass per g glucose)
where /i = — — —  (Monod, 1942) (5)
Ks + s
The Minax values show a reduced value for P"^  cells 
compared to P" cells. The difference in value is small 
and is probably not significant which has been observed 
for P"^ cells. Previously a significant difference and a 
general trend in growth rate reduction was found for 
cells with increasing copy numbers by Seo and Bailey 
(1985) (see section 1.12a). The Powergraph program used 
here does not calculate standard errors but correlation 
coefficients were 0.998 or above.
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The small change in M^ax may reflect a relatively
minor effect by plasmid carriage on cell physiology. This 
indicates relatively low product expression from plasmid 
genes. This was the case for tryptophanase as cells 
produced tryptophanase at a level of around 1% of total 
cell protein (table 6.2). This is relatively low as 
recombinant protein contents of 20-25% of total cell 
protein can be achieved with various expression systems, 
although when induced, eg the "dual origin vector" (see 
figure A6.10) (Caulcott and Rhodes, 1986).
The decline in growth rate is assumed to reflect the 
decrease in substrate levels found during the exponential 
and decline phases of batch culture. Hence the Monod 
equation describes the relation of Ks to limiting 
substrate level s'. Other effects on growth rate decline 
may be due to production of inhibitory by-product(s) 
during growth (Pirt, 1975). Effects of pH change are not 
relevant since pH control was used.
It was postulated that an increase in product expression 
may affect these measured values more significantly as 
was found by Seo and Bailey for copy number increase 
(effectively copy number increase would increase total 
plasmid gene expression within a cell). The hypothesis 
was tested by inducing specific plasmid product 
expression and measuring Ks and M^ax values. The 
experiments are described in the next section.
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SECTION 7
AN INVESTIGATION INTO THE SUBSTRATE AFFINITY AND MAXIMUM 
SPECIFIC GROWTH RATE VALUES OF PLASMID CARRYING CELLS 
INDUCED FOR PRODUCT EXPRESSION IN BATCH CULTURE
SUMMARY
The same methods used to calculate Ks in section
6 were used on data for batch cultures induced with IPTG. 
Results from the set of computer programs used for Ks 
determination showed a large amount of variation and 
therefore no trend in Ks was shown with increasing 
concentration of IPTG in the medium. The M^ax values 
generated also by the program which calculates Ks showed 
a large amount of variation. The variation was considered 
to be due to the insufficent number of data points and 
inaccuracies in biomass measurement as discussed in 
section 6.
The A^ max values from the semi-logarithmic plot program 
(Powergraph), a program used independently of the other 
programs, showed a general trend of reduction with 
increasing tryptophanase gene induction. A small amount 
of reduction in M^iax  ^ cells occurred with
increasing inducer concentration.
Some Ks values calculated by the set of programs are 
approximately 100 times the Ks for glucose measured by 
Monod (1942). However, as discussed, the new approach 
applied here to Ks measurement requires development and 
refinement.
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INTRODUCTION
The levels of tryptophanase can be increased by induction 
of the tac promoter with IPTG. Earlier experiments 
indicated that IPTG would be required at a concentration 
of less than 0.ImM since this level prevented cell 
growth, presumably through excessive product expression.
PROCEDURE
The batch cultures were performed by the same method as 
in the previous section except at the time of inoculation 
a sterile solution of IPTG was added.
The experiments were also performed using P~ cells as 
controls.
RESULTS
The output from the computer programs is listed in 
Appendix 3 and summarised in table 7.1 along with the 
results from section 6 for uninduced cells. Results for 
tryptophanase expression are also included. Listed in 
table 7.1 there are also the Mj^ x^ values calculated by 
the non-linear regression program ("Non-lin") which were 
supplementary to the Ks determination. These values are 
included for completeness but are not considered 
significant and not considered in the discussion.
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Table 7.1 Effect of IPTG on Monod Kinetics and final 
measured trvptophanase values.
P^/P~ IPTG Ks glucose ^max^^^ T'ase cone (%
conc(/zM) (g/1) (H“ )^ (H"^ ) cell protein)
P'*' 0 0.180 0.662 0.770 1.2
±0.090 ±0.034
P'*' 5 0.629 0.743 0.712 2.8
±0.235 ±0.043
P"*" 10 0.288 0.668 0.683 6.4
±0.129 ±0.031
P"^  20 0.218 0.576 0.623 11.6
±0.082 ±0.025
P*^  30 0.314 0.418 0.400 22.4
±0.103 ±0.014
P" 0 0.670 0.752 0.789 0
±0.153 ±0.262
P~ 5 0.012 0.731 0.787 0
±0.011 ±0.036
P" 10 0.001 0.752 0.781 0
±0.001 ±0.036
P" 20 0.290 0.795 0.751 0
±0.120 ±0.038
P” 30 0.261 0.853 0.736 0
±0.111 ±0.039
^max/hl non-linear regression
^max from linear regression on semi-log plot
Summary of results for batch cultures. The 
methods are those summarised in the legends of 
figures 6.1 to 6.8 and table 6.2. The program 
output for induced cells is in Appendix 3. For 
induced cultures, at the time of inoculation a 
sterile solution of IPTG was added to give a 
final concentration of 5 to 30)liM as indicated. 
The results from section 6 (no IPTG addition) 
are included.
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Figure 7.1
Batch cultures of P"^  cells grown as described in section 
6, Procedure and Results, and section 7, were sampled and 
assayed for tryptophanase as described in Methods section 
2.2.3f.
Figure 7.2
A plot of the Mmax "^^lues calculated from linear 
regression and the final tryptophanase values for each 
culture shown in figure 7.1 (samples taken during the 
decelleration growth phase). Values are listed in table 
7.1.
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F ig u r e  7 .1
Tryptophanase Expression 
Batch Culture
T'ase % of cell protein
35
IPTG 
conc. p M30
25
30
20
20
•Q--
10
----
- H  r
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
OD 600 of culture
Figure 7.2
IPTG INDUCTION IN BATCH CULTURE 
EFFECT ON JUmax AND 
TRYPTOPHANASE EXPRESSION
JUmax (/H) or % of total cell protein
25
20
-B-
10
3525 3020151050
IPTG conc. (juM)
Tryptophanase (%) —s—JUmax (/H) x20
188
DISCUSSION
The values for Ks do not show a general trend. It may be 
expected that Ks would increase as induction and hence 
the burden of product expression was increased. The 
reason for the variation in the values and possible 
solutions to the problem are discussed in section 6. 
values from the same program (^max^^^) show a reduction 
as inducer concentration was increased for P"^  cells, 
apart from between 0 and 5/iM IPTG. There is an increase 
of Mjnax method (a) for P” cells between 5 and 30/xM 
IPTG concentration which would not be expected and may 
reflect an inadequate number of data points used for this 
program. As discussed in section 6, page 181, the Ks 
values from "Non-lin" cannot be considered significant. 
This is due to the sampling problems discussed on page 
182 which prevented an adequate number of data points 
being generated. Also due to the problem of generating a 
polynomial curve which will fit relatively sudden changes 
in gradient of the growth curve (eg figure 6.5, last two 
points) towards the end of the growth phase. This led to 
some final data points being excluded from the input for 
"Non-lin" because an increase in growth rate was 
calculated by "Rate 1" (eg see figure 6.2b). These 
problems led to a low number of data points for some Ks 
determinations (Appendix 3). The computer methods and 
sampling procedures require refinement before reliable 
values can be determined from this set of programs. 
Therefore the M^ax values from "Non-lin" cannot be 
considered significant either (^max^^^ in table 7.1). 
Only the values from linear regression (^max^^^) i^
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from the Powergraph program (it is used independently of 
the other programs) are considered here in relation to 
the effects of plasmid carriage and IPTG induction. 
values from linear regression (^maxf^)) show a steady 
trend for both P"*" and P” cells. Almost a 50% reduction in 
specific growth rate of P"*" cells was associated with 
nearly a 20-fold increase in product level with an IPTG 
concentration of 30/iM. Figure 7.2 shows a greater 
reduction in growth rate between 20 and 3 0jLtM IPTG. In 
another experiment 50/xM IPTG was used which prevented 
growth of P+ cells completely. The effect was that after 
a 24 hour lag phase the OD of the culture increased due 
to growth of P~ cells.
Some effect of IPTG is seen on P” cells. There is a 
gradual, but relatively small reduction in M^ax* The 
continuous reduction in Mj^ ax with concentration increase 
is evidence that IPTG is slowing growth rate. It is 
possible that IPTG has a slight toxic effect on cellular 
metabolism. A reduction in growth rate associated with 
5mM IPTG has been demonstrated for E. coli cells grown on 
lactose (Andrews and Lin, 1976), the reduction was 
particularly marked for a lacA" strain. The result could, 
however, be explained entirely on the physiology of 
growth on J9-gal act os ides. Growth on glucose was not 
investigated. The IPTG purchased from Sigma Ltd contains 
the impurity dioxane at 15% (W/W). The possible effects 
on bacteria are unknown (Sigma technical services).
The values for Ks obtained here were mostly in the range 
of 0.2 to 0.3 g/1. The value gained by Monod (1942) was 
4mg/l, approximately a 100-fold difference. Pirt (1975)
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lists other Ks values for a variety of microorganisms. In 
general, similar Ks values to that measured by Monod have 
been found for a variety of bacteria and yeasts on a 
range of carbohydrates. This lends further support to the 
fact that the new approach and techniques applied here 
require refinement.
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SECTION 8
MATHEMATICAL MODELLING OF PLASMID INSTABILITY IN 
CONTINUOUS CULTURE
SUMMARY
An unstructured unsegregated mathematical model for 
plasmid instability was developed. The model was based on 
Monod kinetics. Takeover of the culture by P~ cells could 
be simulated using different Ks and values for
and P"" cells. The model also contained a term to account 
for the rate of segregational loss of P*^ cells. The model 
equations were incorporated into a computer program for 
plotting individual simulations.
Plasmid instability in chemostat cultures was simulated 
using Ks values close to that determined by Monod (1942) 
and using values in the range calculated by the methods 
described in sections 6 and 7.
Fitting of the model simulation to experimental data 
enables the calculation of Ks and Mj^ ax values for P*^ and 
P” cells and of the segregation rate. Using the 
segregation rate value a copy number value for the cell 
can be calculated.
Possible refinements to the approach used here are 
discussed.
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INTRODUCTION
There are technical problems associated with direct Ks 
determination as discussed in the last two sections. An 
alternative is to make indirect measurements with a 
model. Mathematical models are used to formulate 
hypotheses concerning the dominant rate-determining 
mechanisms and the testing of these hypotheses by 
comparing simulated and experimental results (Zabriskie 
and Arcuri, 1986). Our hypothesis is that the growth 
kinetics of and P” cells follow Monod kinetics. That 
is, the relative values of Ks and the two cell
types determine the outcome of competition in continuous 
culture.
The outcome of competition between two species for the 
same growth-limiting substrate is determined by the 
influence of growth limiting substrate concentration (s') 
on the specific growth rate (n) of each species, as 
governed by the Monod equation (Pirt, 1975). If the 
relationships between /x and s were identical no 
competition could occur. It is likely that the relation 
of jLt to s will differ in one of the ways shown in figure 
8.1.
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Figure 8.1 Mixed culture kinetics
0 s 0 s s
(a) (b)
The possible relations between the specific growth rate (fi) and growth- 
limiting substrate concentration (j) of two species A and B; (a) without crossover, 
(b) with crossover.
At the crossover point in figure 8.1b, where the two 
competing species can coexist in continuous culture, the 
relationship describing substrate level (s') has been 
derived (Bazin, 1981), as follows:
^max * ^max^.Ks®
11 ^ — u, ^^max ^max
(16)
The relationship specifies a dilution rate, D ' , at which 
it is possible for the two species to coexist:
D' =
maxB.KS& - fimaxA.KsB
Ks^ - Ks®
(17)
However, it is not expected that P"^  and P" cells, which 
do not contain stability systems such as par (see section 
1.6a) will coexist in such a way. This is because 
segregational instability results in derivation of P“ 
cells from P"^  cells, ie in the system examined here a
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special case exists since segregational instability leads 
to generation of one competing species (P”) from the 
other (P^ ) . Equations (16) and (17) were derived from the 
equation of Powell (1958) describing substrate change 
during competitive growth in a chemostat (see equation 
(9), section 1.13a).
The model described here has both similarities and 
differences to the unstructured models derived previously 
as described in section 1.13a. The Monod equation (5), 
Powell equation (9), biomass growth equation (4) and 
segregation factor which form the basis of the model 
presented here have been used before. Some of the major 
similarities and differences are outlined below:
(a) All models, including the model delineated here, 
account for a segregation rate.
(b) Here it is assumed substrate affinity values can be 
different. They were assumed to be equal by 011 is and 
Chang (1982) but different by Lauffenburger (1986). Kim 
and Ryu (1984) and Cooper et al. (1987) did not use Monod 
kinetics and only assumed a growth rate difference.
(c) Here Mj^ax l^^s are assumed to be different. 
Lauffenburger (1986) assumed they were equal.
(d) Both P^ and P” cells are assumed to be growing at a 
rate determined by their respective Ks and M^ a^x values 
according to the Monod equation. This is also true for 
purposes of substrate balance calculation using the 
Powell equation. Imanaka and Aiba (1981) assumed that 
both cell types were growing at a rate equal to the 
dilution rate. Ollis (1982) assumed that both cell types 
were growing at a rate equal to the dilution rate for
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purposes of substrate balance calculation (equation (8), 
section 1.13a). Cooper et al, (1987) assumed and P” 
cells have a growth rate difference (dfi) which is not set 
by dilution rate. Here it is assumed that dilution rate 
sets the potential growth rate but that actual growth 
rate is dependent on the residual substrate concentration 
(s') as described by the Monod equation.
(e) The model is incorporated into a computer program 
which enables simulation of experiments. Parameters Ks, 
Mmax segregation rate are used as adjustable
parameters to fit the experimental data. The detailed 
simulation and determination of kinetic parameters has 
not been performed previously with unstructured models. 
Cooper et al, (1987) performed mathematical simulations. 
Transformation of data to a linear form using natural 
logs enabled determination of growth rate difference and 
segregation rate. Monod kinetics were not assumed to be 
involved.
PROCEDURE
(1) EXPERIMENTAL
The E, coli strain API(pFClO) was grown in chemostat 
culture and stability of the plasmid monitored by taking 
samples regularly and assaying as outlined in section 
2.2.4a. Some of the experimental results have been 
described (figures 5.6 and 5.7). A further chemostat 
culture was performed at a dilution rate of 0.585 H“ .^
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(2) MODELLING
Modelling was performed on a BBC Master series 
microcomputer using BBC Basic. An individual program was 
used to model each experiment. Multiple simulations were 
derived from re-plotting on the same page. The computer 
program is listed in Appendix 4 with an explanation of 
the workings of the program.
The plasmid instability model derived and presented here 
contains the equations (4), (5) and (9) which are in the
Introduction, section 1.13a, and have been used 
previously by other workers as described there.
1. The basic batch growth kinetic equation;
dX
—  = (M - D)X (Pirt, 1975) (4)
dt
where D = dilution rate (H“ )^
X = biomass (g/1) 
t = time (hours)
2. The Monod equation;
Mmax * s
H  ------ — — (Monod, 1942) (5)
Ks + s
where j^ ^^ x = maximum specific growth rate 
s = substrate concentration (g/1)
Ks = substrate affinity
3. The equation of Powell (1959):
^  (9)
dt Ks"^  + s Y Ks + s
where X"^  and X” are biomass values, Y"^  and Y” are yield 
values, and maximum specific growth rate
values, and_ Ks*^  and Ks" are substrate affinity values, 
of P"^  and P“ cells respectively.
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Model routine
Al. The model used the equations (4) and (5) in a 
combined form to calculate the change of P*" cell biomass 
(dX”“) in time dt:
M max * ^
dX" = dt * [ ------------------(D * X”) ] (18)
Ks“ + s'
A2. Equation (18) was also used to calculate change of 
biomass for P"^  cells (dX"^ ) by substituting values with 
f\ax' KS+ and X+.
Bl. From equation (18) the model was then able to 
calculate the new biomass concentration for P~ cells, X”, 
from the original biomass Xo”:
X~ = Xo~ + dX’ (19)
B2. Equation (19) was used to calculate the new biomass 
value for P"^  cells by substituting the relevant parameter 
values with X"*", Xo"^  and dX"^ .
C. Equation (9) was used to calculate the change in 
substrate concentration, ds', of the chemostat [outflow] 
medium associated with increases in biomass of P*^  and P” 
cells. The equation used was unchanged apart from 
multiplication of each side of equation (9) by dt.
D. The new substrate concentration s' (g/1) was 
calculated from ds' and the original concentration s '^ :
s' = s 'q + ds' (20)
E. The new biomass concentration values for P” and P"*”
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cells, associated with segregational instability, were 
calculated by equations 21, 22 and 23;
dX" = X"^ * R (21)
X“ = Xo” + dX" (22)
X*^  = Xo"^  - dX~ (23)
where R = segregation rate (H” )^
dX” = increase in biomass of P" cells (g/1)
X"^  = biomass concentration of P"^  cells (g/1)
X“ = biomass concentration of P” cells (g/1)
Xo” = original biomass concentration of P” cells (g/1) 
Xo"^  = original biomass concentration of P"^ cells (g/1)
Steps A1 to E were then repeated a large number of times.
Values for time were converted to generations. Biomass
values for P*^  cells were plotted against generations as 
dots which join to form a continuous plot (figure 8.3). 
By substituting different values for Ks"^ , Ks”, M^^ax ^^d 
segregation rate (M~max ~ 0.79) at different dilution 
rates, the model plot was fitted to the experimental 
points for each experiment.
RESULTS
(1) EXPERIMENTAL
Experimental results are shown in figure 8.2. They are
4-the same instability results (proportion P ) as in 
figures 5.6 and 5.7 and an additional experiment at a 
dilution rate of 0.585 H” .^
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Figure 8.2
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An inoculum culture of API(pFClO) was grown overnight in 
minimal medium (Materials section 2.1.2a) in the presence 
of 100/xg/ml carbenicillin to an OD^qq value of between 5 
and 8 (Methods section 2.2. 2e) . The proportion of P*^  
cells was greater than 0.995 (Methods section 2.2.4a(a)). 
The fermenter was inoculated and when the culture had 
reached the end of exponential phase the medium pump was 
switched on. The pump was set at a feed rate to give the 
dilution rate indicated in each case (Methods section 
2.2.2c). The time at which the pump was switched on was 
taken as generation 0. Samples were assayed for stability 
by the methods in section 2.2.4a.
The plasmid is more stable at higher dilution rates. 
Similar results have been reported previously for a 
number of plasmids (see section 1.5e). The apparent high 
degree of variation for the results at 0.585 in
figure 8.2 is due to taking a large number of data 
points. It reflects the variation in results for the 
stability assay (section 2.2.4b) used at 0.10 to 0.90 P 
cell proportions.
+
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(2) MODELLING
The results of modelling, with the experimental data 
points, are shown in figure 8.3.
Figure 8.3 Simulation of plasmid instability in chemostat 
culture (1)
10 - •H-
Proportion
iX
*
,0 :0 -5 8 5
-H-
0 :0 -4 2 3
-X-X
50 GENERATIONS • 100 150 200
Data points are shown for each dilution rate with the 
model simulation as a line passing close to the points. 
The data points are those in figure 8.2. The model 
simulation was produced by the plasmid instability model 
presented on pages 197 to 199 and in Appendix 4 using the 
parameter values in table 8.1.
The adjustable parameters used in the programs to fit to 
the experimental points in figure 8.3 are shown in table
8.1. The value of for P“ cells was set at 0.79 H~^,
as determined in section 6 by experiment. The Ks value
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of P" cells used was that for E. coli determined by Monod 
(1942) (Pirt, 1975). Included are the copy number values 
calculated from the binomial distribution using the 
segregation rate. The equation for this calculation was 
given by Summers and Sherratt (1984): (another form of
this equation is equation 1 page 20).
Pq = 2 ( 2 4 )
where P^ = segregation rate (generations” )^
2 n = the copy number immediately 
before cell division.
log (Pq/2)
rearranging: 2n =   (25)
log 0.5
Pq is first converted from to generations”^
by multiplying by the doubling time (t^ ) (t^ = In2/D).
Table 8.1 Model parameters for simulations in figure 8.3
D rate
(H-l)
^max P 
(H"l)
^max P 
(H-1)
Ks P”
(g/1)
Ks P+
(g/1)
seg._ 
rate(H -^)
copy 
no. 2n
0.585 0.79 0.745 0.004 0.005 9*10”5 14.19
0.423 0.79 0.710 0.004 0. 006 2.8*10”^ 15.41
0.243 0.79 0.590 0.004 0.007 1.2*10”G 19 . 16
Parameter values used for simulations in figure 8.3 
except copy no. which was calculated from the fitted 
segregation rate values. Ks of P” is from Monod (1942).
The Ks values in the region of the value determined by 
Monod (1942) gave good fits to data (figure 8.3). The 
copy number values are proportional to Ks of P"^  cells 
indicating that the effect of increasing plasmid number 
is to reduce substrate affinity. Concomitant reduction in 
/imax cells occurs, with increasing copy number,
which is a further indication of the adverse effect of
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plasmid carriage on cellular metabolism. The values
are related to copy number and hence do not represent the 
critical dilution rate (D^, Pirt, 1975) for the cells. 
They are values for cells of that copy number (copy
number as determined by the dilution rate).
Instability was also modelled using Ks values close to 
the values determined in sections 6 and 7. Most values 
were close to or in the 0.2 to 0.3 g/1 range. Similar 
values give close simulations also, as shown in figure 
8.4. The adjusted parameters (table 8.2) are changed 
slightly from those for the previous simulations in 
figure 8.3 (table 8.1) but show the same trends.
Table 8.2 Model parameters for simulations in figure 8.4
D rate
(H-l)
^max P 
(H-1)
^max  ^
(H-1)
Ks P
(g/1)
Ks P+
(g/1)
seg. 
rate(H )
copy 
no. 2n
0.585 0.79 0.78 0.200 0.250 7*10”5 14 . 56
0.423 0.79 0.77 0.200 0.265 1.8*10”5 16.05
0.243 0.79 0.65 0.200 0.280 1*10”G 19.42
Parameter values used for simulations in figure 8.4 
except copy no. which was calculated from the fitted 
segregation rate values, ks values used were those in the 
region calculated as shown in table 7.1.
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Figure 8.4 Simulation of plasmid instability in chemostat 
culture (2)
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Data points are shown for each dilution rate with the 
model simulation as a line passing close to the points. 
The data points are those in figure 8.2. The model 
simulation was produced by the plasmid instability model 
presented on pages 197 to 199 and in Appendix 4 using the 
parameter values in table 8.2.
(3) Monod Kinetics
Some workers (see introduction to this section) have 
assumed that both P"^ and P“ cells grow at a rate equal to 
the dilution rate. This can be shown to be erroneous by 
the following calculation: Substitution of the simulation 
parameters into equation (12), a form of the Monod 
equation, gives s’. For example using the parameters for 
D = 0.585 in table 8.1 :
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Ks . D
s' = --------  (Pirt, 1975) (12)
^max "* ^
For P“ cells s' “ 0.0114 g/1 
For P*^  cells s' " 0.0183 g/1
Therefore P*^  cells leave behind more substrate than P”
due to a lower substrate affinity. Assuming that a
significant number of P" cells are present, they may
consume this residual glucose (at 10^ cells/ml and a
stability of 99.99% there are still 10^ P“ cells/ml).
Hence the substrate level s' will be 0.0114 g/1.
Substituting into the Monod equation:
^max V ^   ^^H =   (5)
Ks + s'
using the parameters from table 8.1, 
at D = 0.585 H~^:
/x7 = 0.585 
= 0.552
Therefore the P"^  cells have a lower specific growth rate 
in chemostat culture under these conditions. The 
difference in the two /x values is d/x as described by 
Cooper et al. (1987).
f4) Demonstration of model sensitivitv.
The standard line for the simulation in figure 8.5 is
the simulation in figure 8.3 at D = 0.423 H""^  (values in
table 8.1). These data points are included. The 
simulations are based on parameter values in table 8.1 
using Ks values in the region of Ks determined by Monod 
(1942) for E, coli (0.004 g/1).
The standard line for the simulation in figure 8.6 is
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the simulation in figure 8.4 at D = 0. 423 (values in
table 8.2). These data points are included. The 
simulations are based on parameter values in table 8.2 
with Ks values in the region determined in sections 6 and 
7 (0.2 to 0.3 g/1).
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Figure 8.5 Model sensitivitv. Parameter adjustment
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The model simulation was produced by the plasmid 
instability model presented on pages 197 to 199 and in 
Appendix 4. The standard line for the simulation is the 
simulation in figure 8.3 (table 8.1 values) at D = 0.423 
H” . The data points are included. The simulations are 
based on parameter values in table 8.1 with one parameter 
adjusted, the Ks value of P"^  cells. In this case the Ks 
value used for P“ cells was the value determined by Monod 
(1942) for E, coli (0.004 g/1) (Pirt, 1975). For p"^  
the values used were near this as indicated.
cells
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Figure 8.6 Model sensitivitv. Parameter adjustment
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The model simulation was produced by the plasmid 
instability model presented on pages 197 to 199 and in 
Appendix 4. The standard line for the simulation is the 
simulation in figure 8.4 (table 8.2 values) at D = 0.423 
H“ . The data points are included. The simulations are 
based on parameter values in table 8.2 with one parameter 
adjusted, the Ks value of P”* cells. In this case the Ks 
value used for P“ cells (0.2 g/1) was the value close to 
that determined by experiment in sections 6 and 7. For 
P"*" cells the values used were near this as indicated.
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Figure 8.7 Model sensitivitv. Parameter adjustment
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The model simulation was produced by the plasmid 
instability model presented on pages 197 to 199 and in 
Appendix 4. The standard line for the simulation is the 
simulation in figure 8.3 (table 8.1 values) at D = 0.423 
H” .^ The data points are included. The simulations are 
based on parameter values in table 8.1 with one parameter
adjusted, the value of P
value used for P” cells was
+
Monod (1942) for 
value used was 0
F. coli (0.004 
006 g/1.
cells. In this case the Ks 
the value determined by 
g/1) . For P"^ cells the Ks
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Figure 8.8 Model sensitivitv. Parameter adjustment 
segregation rate.
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The model simulation was produced by the plasmid 
instability model presented on pages 197 to 199 and in 
Appendix 4. The standard line for the simulation is the 
simulation in figure 8.3 (table 8.1 values) at D = 0.423 
H*" . The data points are included. The simulations are 
based on parameter values in table 8.1 with one parameter 
adjusted the segregation rate. In this case the Ks value 
used for P“ cells in the simulations was the value 
determined by Monod (1942) for E. coli (0.004 g/1). For 
P"^ cells the Ks value used was 0.006 g/1.
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DISCUSSION
The model presented is the first unstructured model for 
plasmid instability capable of accurate simulation of 
experimental data. The model clearly demonstrates the 
dependence of instability on Monod kinetics as shown in 
figures 8.5, 8.6 and 8.7. Greater Ks differences
lead to greater instability. The dependence of 
segregation rate is also clearly shown (figure 8.8).
Parameter determinations for the three dilution rates 
demonstrate the correlation of stability, copy number and 
dilution rate. Increased dilution rate correlates with 
lower copy number and increased stability. These results 
are consistent with the experimental findings of Siegel 
and Ryu (1985), and of some other workers (see section 
1.5e). The results are consistent with the following 
explanation: Reduced dilution rate results in increased 
copy number (section 1.5e). Increased copy number 
increases product expression of P"^  cells. The effect of 
expression on cellular physiology leads to reduced M^ax 
and substrate affinity (see section 1.12c on metabolic 
control). Hence /z, as defined by the Monod equation, is 
decreased. There is a greater growth rate difference 
between P"^  and P” leading to increased instabilty.
The increase in segregation rate at higher dilution rate, 
resulting from reduced copy number, would be expected to 
reduce stability. Therefore segregation rate appears to 
be less important than the effect of plasmid product 
expression in reducing growth rate, for the system 
studied here. The system is analogous to E, coli
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IB373 (pMG169) studied by Cooper at al . (1987) where
growth rate difference (d/i) was shown to be greater than 
segregation rate (R). This contrasted with E. coli 
RV308 (pHSG415) where R was greater than d/i.
Cooper et al. (1987) have analysed the effect of plasmid
carriage as far as d/x. The work presented here goes 
beyond d/i, by making use of Monod kinetics, and uses the 
Monod parameters Ks and both rationalise and
simulate plasmid instability.
An analysis of product expression (section 10) is 
required to support the explanation that product 
expression is primarily responsible for instability in 
plasmid pFClO in chemostat culture. Looking ahead to 
section 10, figures 10.2 to 10.5 show that plasmid gene 
product levels are higher at the lower (more unstable) 
growth rates. Therefore the results of section 10 support 
the explanation that plasmid product expression is 
primarily responsible for plasmid instability in 
APl(pFClO).
The high segregationa1 instability of pHSG415 was 
explained by its lack of complete par sequence and low 
copy number (Caulcott et ai., 1987; Cooper et ai., 1987). 
The low segregational instability of pMG169 could be 
attributed to the inclusion of par. The high d/i value of 
pMG169 compared to pHSG415 was attributed to the (low 
level) expression of CAT from the trp promoter in pMG169 
(Cooper et ai., 1987). The CAT gene of pHSG415 was under 
control of its native promoter which is expected to be
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less active than the trp promoter in the medium used, 
which lacked tryptophan. The most significant outcome of 
the results here is the observation that for pFClO 
plasmid product expression and hence growth rate 
difference, and probably Ks difference, are more 
important in culture instability than segregation rate 
(pages 211 and 212). This is probably due to the 
expression of tryptophanase from the tac promoter which 
is not completely prevented even in the absence of 
inducer. The tryptophanase level was about 2% of cell 
protein at 0.243 (section 10). CAT expression levels
in IB373(pMG169) may be lower. A similar plasmid, pMG168, 
in IB373, expressed recombinant protein from the trp 
promoter at a maximum level of 4.75% of total protein, 
only after 3-4 hours induction, in batch culture (Brown, 
1990). Total plasmid gene expression needs to be examined 
for the rationale presented here. Both pFClO and pMG169 
express the B-lactamase gene from its natural promoter. 
The other major difference is the tet gene in pFClO, not 
present in pMG 16 9. However this does not have a 
significantly strong promoter. The high level of 
instability of pFClO can therefore be attributed to 
expression from the tac promoter. The explanation for the 
expression, in the absence of induction, is given in 
section 10.
More accurate determination of modelling parameters 
determined here is available using computer curve fitting 
techniques. The Runge Kutta fit technique calculates 
model parameters which provide the minimum standard 
deviation between observed values and those calculated
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from the model simulation. Confidence in the parameter 
values would therefore be increased by increasing the 
number of data points used to fit the simulation and 
calculate the model parameters.
Continuous measurement of stability is available using 
fluorescent labelling of plasmid containing cells. This 
has been achieved in S, cerevisiae using flow cytometry 
to monitor stability and mean copy number (Bailey et al. , 
1986) . This method would supply sufficient data for 
computer curve fitting and parameter estimation.
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SECTION 9
EXPERIMENTAL DETERMINATION OF PLASMID COPY NUMBER 
SUMMARY
Plasmid copy number was determined for cells in the 
chemostat cultures which were modelled in section 8 for 
plasmid instabilty.
The method employed to measure copy number was DNA-DNA 
hybridisation. Samples of whole cell DNA preparations 
were transferred onto nitrocellulose filters. A DNA probe 
derived either from a plasmid sequence or a chromosome 
gene was hybridised to the cellular DNA on the filter. 
Radioactivity associated with each "blot” was measured by 
a scintillation counter.
No significant difference between copy number was 
demonstrated for the three dilution rates at which the 
chemostat cultures were grown. There was a large amount 
of variance in the copy number values calculated. This 
may have been due to the technique used in which 
duplicate cell lysate samples were probed for either 
plasmid or chromosomal DNA content. Variation in content 
of each DNA type (plasmid or chromosomal) within a sample 
of whole cell DNA preparation may have lead to a high 
degree of variance in the results. Methods for reducing 
the variance and increasing the accuracy of the technique 
are discussed.
The experimentally determined copy number values were 
converted from the "per genome" units to "per cell" units
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using equations described in the literature. The model 
derived values from section 8 were converted from the 2n 
value per cell to a mean copy number value per cell using 
an equation in the literature.
The experimental values of copy number did not show the 
same trend with dilution rate change as the model derived 
values. However the small change in value calculated for 
each dilution rate would be expected to be difficult to 
detect experimentally. Overall the two sets of copy 
number results were similar in value.
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INTRODUCTION
The mathematical model presented in section 8 was used to 
determine the plasmid copy number from the segregation 
rate parameter. This section describes experimental 
analysis of copy number in order to assess the accuracy 
of the model's prediction.
Plasmid pFClO has the pMBl origin of replication 
(Sutcliffe, 1979) (ColEl-type (Scott, 1984)) and was 
constructed from pBR322 (Brosius and Holy, 1984). The 
copy number of pBR3 2 2 is about 15 per chromosome 
equivalent (Bazaral and Helinski, 1968; Staudenbauer, 
1978). More detailed analysis indicated 23 to 15 copies 
per chromosome, 39 to 55 copies per cell, or 46 to 11 
copies per OD^^q (biomass unit) as growth rate was 
increased from 0.415 to 1.75 H”  ^ (Lin-Chao and Bremer, 
1986a) (see section 1.5f).
The copy number of pFClO is not expected to differ 
significantly from pBR322 due to identical replication 
regions. Efficient transcription and translation are 
prerequisites for high level expression of cloned genes, 
however strong promoters can drastically influence the 
copy number of cloning vehicles. This has been shown to 
be due to transcriptional read through into the 
replication region (Stueber and Bujard, 1982). The strong 
rrnB rRNA transcription terminators and are
inserted downstream of the tac promoter and adjacent 
cloning site in pKK223-3. These terminators stabilise the 
plasmid system (Brosius, 1984a, b; Gentz et ai., 1981) by 
preventing transcriptional read-through into other
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plasmid genes after transcription of the desired gene 
(tryptophanase in pFClO). Similar plasmid constructs, 
without these terminators, prevented cell growth. Either 
colonies of P~ cells were found to grow or P"^ cells with 
deletions in the strong promoters used or in the 
structural gene being expressed. The deletions allowed 
the cells to grow at near normal growth rates (Brosius, 
1984b). However small amounts of read-through from tac 
has not been ruled out. Such read-through would be from 
the opposite side of the replication region to that 
studied by Stueber and Bujard (1982). They found reduced 
copy number due to increased expression of rop and 
transcription into the direction of RNA II. If read- 
through were to occur from tac in pFClO then it would be 
against the direction of the RNAI replication repressor 
and of the inhibitor rop, and in the same direction as 
replication preprimer RNA II (see figure 1.4). The 
effects may therefore be to increase copy number.
DNA-DNA hybridisation was the method chosen for copy 
number analysis of samples from chemostat culture. It is 
the most widely used method and involves the "dot 
blotting" of the DNA sample onto a nitrocellulose filter 
(see section 1.5f). Normally a "dot blot" apparatus is 
used, ie with 96 wells, as was used here, and 96 DNA 
samples can be applied to a nitrocellulose filter. When 
the individual "dot blots" are cut out for scintillation 
counting (after hybridisation) each is on a piece of 
filter of approximately 2cm^. The filter piece is added 
to a tube of scintillation fluid (approximately 4ml) for 
scintillation counting.
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Plasmid copy number analysis using the DNA-DNA 
hybridisation method is ideally performed by the 
following procedure (A) hybridise the first radioactive 
DNA probe to the first DNA species (ie chromosome); (B) 
measure the extent of hybridisation with a scintillation 
counter ; (C) wash off the chromosomal DNA probe ; (D)
recount to ensure the probe has been completely washed 
off; (E) hybridise to the second DNA species (ie 
plasmid) on the filter with the radioactive plasmid DNA 
probe ; (F) measure the extent of hybridisation with a
scintillation counter. Water would be used as 
scintillation fluid would prevent the rehybridisation 
procedure. When using water in place of scintillation 
fluid Cherenkov counts are gained. The use of the method 
in (A) to (F) is difficult with most scintillation 
counters because the piece of filter on which 
hybridisation is performed cannot be rehybridised with 
ease. Each piece of filter would be removed from the 
scintillation vial and hybridised with the second DNA 
probe. Each filter piece would then be placed in a 
scintillation vial for recounting. This would require 
clear indelible marking of each piece of filter and much 
manipulation. The availability of a more sophisticated 
scintillation counter would enable the rehybridisation 
of filters and a second Cherenkov count. Such a counter 
is able to count whole uncut filters with a large number 
of samples applied. The filter is contained in a bag with 
scintillation fluid (or water) and the counter moves to 
each "blot" sequentially. In the case of experiments 
involving washing off of probe and rehybridisation, water 
would be used in the bag and not scintillation fluid. The
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method used here was not the rehybridisation method 
described above but hybridisation of the second DNA probe 
to duplicate or similar "dot blots", ie to "blots" with 
the same or different volumes of whole cell DNA 
applied.
PROCEDURE AND RESULTS
The chromosomal DNA probe was made from E, coli 
chromosoal DNA consisting of mainly the threonine operon. 
This was supplied on a 6.4kb Hindlll-BamHI fragment in 
pAT153 (figure A6.8) as the plasmid pIMS1020 (figure 
A6.9) (9.7kb) (Little et al., 1989). The regions each
side of the thr operon within the fragment consist of 
unidentified chromosomal DNA (approximately 0.7kb).
The plasmid DNA probe was made from the 4.6kb Hindlll 
fragment of pFClO and therefore consists of pBR3 2 2 
derived sequences. However the rrnB transcription 
terminators remained included in the fragment. They are 
424bp long and therefore represent less than 10% of the 
probe DNA.
Southern blots
The plasmid restriction fragments used to generate the 
hybridisation probes are seen in figure 9.1 which shows 
the agarose gel used for Southern blot preparation and 
subsequent hybridisation with the plasmid probe. The 
6.4kb restriction fragment of pIMS1020 is the slower 
moving band in lane 8 and was cut from an agarose gel 
(Methods section 2.2.Ig) to make the chromosomal probe 
(section 2.2.lo). The plasmid probe was generated from
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the slower moving band of pFClO (4.6kb) shown in lane 12 
of figure 9.1. In order to separate the two Hindlll 
fragments, the unrequired 4.2kb fragment was cut with 
EcoRl (double digest) to create fragments running faster 
than 4. 2kb. The restriction enzyme Sail was used to 
digest total DNA preparations of cells because there is a 
single Sail site in pFClO (figure A6.2) and it is 
therefore convenient for plasmid linearisation.
Figure 9.2 shows the autoradiograph of the Southern blot 
made from the agarose gel shown in figure 9.1.
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Figure 9.1 Agarose gel electrophoresis for Southern 
blot with plasmid probe.
1 2 8 10 12 13 Û4III
23130
9416
6557
4361
2322
2027
564
Lane
1.
2 .
4.
6.
8 .
10.
12.
13.
+
DNA loaded
cell total DNA preparation uncut
cell total DNA preparation uncut
P" cell total DNA preparation x Sail
P"^  cell total DNA preparation x Sail
pIMS1020 X BamHI x Hindlll 
pFClO X Sail 
pFClO X Hindlll X EcoRI 
lambda x Hindlll size standards
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Figure 9.1
DNA samples in lanes 1 and 4 were prepared from a batch 
culture grown as described in Methods section 2.2.le and 
the DNA prepared from the cells as described in Methods 
section 2.2.If. Samples in lanes 2 and 6 were from a 
chemostat sample of cells grown at the dilution rate of
0.585 H“  ^ (table 9.1, copy no. 11.22, proportion 0.97) 
the DNA was pepared as described in Methods section
2.2. If. pIMSlOll and pFClO DNA were from large scale 
plasmid preparations (Methods section 2.2.1c).
The whole cell DNA preparations (lanes 1, 2 4, and 6) 
prepared as in Methods section 2.2.If were digested with 
Sail as in Methods section 2.2.Ik7. The plasmids 
pIMS1020 and pFClO (large scale plasmid preparations) 
were digested with restriction enzymes as described in 
Methods section 2.2.Ik4 and 2.2.Ik5. Appropriate 
quantities of plasmid digests or DNA size standards were 
loaded on a 0.8% agarose gel in TAE buffer and 
electrophoresed as described in Methods section 2.2.Ip.
The results show:
lane 1: chromosomal DNA
lane 2 : chromosomal DNA which migrated the same distance
as in lane 1, a DNA band below is plasmid pFClO 
DNA, probably open circular (OC) form, the band 
at 9.8cm is probably covalently closed circular 
(CGC) DNA
lane 4: Sail digest "ladder" of chromosomal DNA
lane 6: Sail digest "ladder" of chromosonal DNA and band
of linear pFClO 
lane 8: 6.4kb and 3.3kb BamHI-Hindlll fragments of
pIMS1020 (figure A6.9) 
lane 10: band of linear pFClO, some smearing indicating 
slight chromosomal contamination of the pFClO 
preparation
lane 12: the slower migrating fragment of pFClO is the 
4.6kb Hindlll fragment, the faster migrating 
fragments were produced by EcoRI digestion of 
the 4.2kb Hindlll fragment 
lane 13: lambda x Hindlll DNA size standards
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Figure 9.2
DNA was transferred from the 0.8% agarose gel 
photographed in figure 9.1 to a nitrocellulose filter by- 
Southern blotting as described in Methods section 2.2.Iq. 
A radioactive DNA probe was prepared by the multiprime 
DNA labelling procedure (Methods section 2.2.1o) using 
the 4.6kb Hindlll fragment of pFClO (using a band on an 
agarose gel identical to the slow migrating fragment in 
lane 12) . This fragment of pFClO consists of tet and 
amp^ genes, the origin region and the rrnB sequences 
(see text, page 220). A HindiII-EcoRI "double digest" 
(section 2.2.1k5) of plasmid pFClO was electrophoresed on 
a 0.8% agarose gel in TAE buffer, the 4. 6kb fragment was 
cut out and the DNA purified by the Geneclean method 
(section 2.2.1g). 12.5ng of the DNA was used to prepare 
the probe. The probe was hybridised to the nitrocellulose 
filter as described in the Methods section 2.2.1s. The 
filter was autoradiographed (Methods section 2.2.It).
The autoradiograph showed the required hybridisation 
specificity with plasmid sequences:
lane 1: negative control, very little hybridisation
therefore minimal inaccuracy caused by inclusion of rrnB 
sequences.
lane 2 : strong hybridisation to different forms of the 
plasmid (open circles, covalently closed circles and 
linear forms).
lane 4: negative control, no hybridisation, 
lane 6: positive, hybridisation to plasmid bands
(incomplete restriction enzyme digestion occurred but 
linear form predominant (cf lane 2, less linear form 
because not digested).
lane 8: the sequences used to make the plasmid probe are 
present on pIMS1020 (pAT153 sequences). Therefore there 
is some hybridisation. The slow migrating band is linear 
pIMS1020 (9.7kb) (incomplete restriction enzyme digestion 
occurred). The faster migrating fragment is the linear 
pAT153 sequence of pIMS1020. The smear may be due to 
nuclease digestion of the pAT153 fragment. The slower 
migrating band in lane 8 of figure 9.1 is the fragment of 
pIMS1020 containing the threonine operon, note this is at 
10.0cm and is not seen in figure 9.2 due to no 
hybridisation with the plasmid probe, as expected, 
lane 10: strong hybridisation to pFClO as expected 
lane 11: the slower migrating fragment corresponds to a 
size of 6.7kb and is consistent with incomplete 
restriction enzyme digestion. The fragment at 9.6cm is 
the 4.6kb pFClO fragment used for making the probe, it is 
the positive control and there is strong hybridisation, 
lane 13: lambda x Hindlll DNA size standards, no
hybridisation, negative controls.
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Figure 9.2 Autoradiograph of the Southern blot of
the agarose gel in figure 9.1 hybridised 
with the plasmid probe.
1 2 4 6 8 10 12 13
t r n
Lane DNA loaded
1. P” cell total DNA preparation uncut
2. cell total DNA preparation uncut
4. P” cell total DNA prep, x Sail
6. P"^ cell total DNA prep, x Sail
8. pIMS1020 X BamHI x Hindlll
10. pFClO X Sail
12. pFClO X Hindlll x EcoRI
13. lambda x Hindlll size standards
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The autoradiograph in figure 9.2 showed the required 
hybridisation specificity with plasmid sequences. Lane 1 
contains the negative control and shows minimal 
inaccuracy was introduced by the rrnB sequences. The 
positive control was run in lane 12 and shows strong 
hybridisation to the 4.6kb pFClO fragment which was used 
to make the probe. A Southern blot prepared in the same 
way as described in figure 9.2, from an agarose gel with 
the same samples electrophoresed as in figure 9.1, but 
hybridised with a chromosomal DNA probe, indicated the 
required hybridisation specificity for chromosomal DNA. 
The radioactive probe for the chromosomal DNA was 
prepared from the 6.4kb BamHI-Hindlll fragment of 
pIMS1020 which contains the threonine operon (identical 
to the slower migrating fragment in figure 9.1, lane 8). 
The fragment was cut from an agarose gel, the DNA 
purified, and the probe prepared using the same procedure 
as for the plasmid probe described in figure 9.2.
The probes, having shown the required specificity in each 
case were therefore used for hybridisation to dot blots.
Preparation and linearisation of DNA from chemostat 
samples for copv number determination
The total cell DNA content was extracted from chemostat 
samples as described in section 2.2.If. The restriction 
enzyme digestion of the DNA employed high concentration 
Sail (50 U/jul) . The digests were checked for complete 
digestion by agarose gel electrophoresis. The gel photo 
for the dilution rate of 0.585 is shown as an
example in figure 9.3. Samples of DNA from chemostats
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grown at 0.423 and 0.243 H  ^ showed complete digestion 
also so were used for hybridisation on nitrocellulose 
filters after "dot blotting".
Figure 9.3 Agarose gel showing total DNA from chemostat 
samples grown at a dilution rate of 
0.585 H"*^  and digested with Sail
g o
O O  o N (O CN 0) N
O) o> o> (D
23130
9416
2322
2027
,-l
Figures above lanes show proportion of cells in the 
sample as measured by the methods in section 2.2.4a, or 
indicate lambda x Hindlll size standards. In lane 1 is an 
undigested sample of the DNA from cells at P”^ proportion 
0.67.
A chemostat was operated at a dilution rate of 0.585 H 
(Methods section 2.2.2c). Samples were assayed for 
plasmid instability and the results are plotted in figure
8.2, page 200. A range of samples taken from the 
chemostat were selected for copy number determination 
(mainly the high P ^ cell proportion samples for 
accuracy). Whole cell DNA preparations were made (Methods 
section 2.2.If) and digested with Sail (Methods section 
2.2.1k7). Samples of these digests were loaded on a 0.8% 
agarose gel in TAE buffer and electrophoresed
described in Methods section 2.2.Ip. The P 
the sample is shown in each case.
The figure shows that the DNA digests
+ proportion 
appear complete.
a s 
of
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Blots with standard quantities of DNA for calibration 
purposes were included in the same hybridisation bag with 
c e l l u l a r  D N A  s amples, if not on the s a m e  p i e c e  of 
nitrocellulose.
Figure 9.4 shows hybridisation of the plasmid probe to 
spots of s t a n d a r d  w e i g h t s  of p l a s m i d  DNA. S t a n d a r d  
w e i g h t s  of DNA we r e  m e a s u r e d  u s i n g  OD g g g  v a l u e s  as 
explained in section 2.2.Iv. The weight of plasmid DNA 
applied and the signal recorded by the s c i n t i llation 
counter (counts per minute (CPM)) are tabulated in figure 
9.4b in positions corresponding to the blots. Included in 
this "block” of blots were some control samples of lambda 
X Hindlll DNA and some standard quantities of chromosomal 
DNA a l t h o u g h  no b l a c k e n i n g  of the film can be seen 
(negative controls). Below this is a small block of test 
samples. They are from the chemostat culture of dilution 
r a t e  0. 243 (latter h a l f  of the s a m p l e s ,  f r o m
p r o p o r t i o n  P"*" 0. 929 to 0.02, see t a b l e  9.1). T h e  
proportion of P"*" cells previously determined for each 
sample is shown in figure 9.4b and the volume of sample 
applied. Sa m p l e s  were a p p l i e d  in d u p l i c a t e  and two 
v o l u m e s  u s e d  to e n s u r e  c o u n t s  w i t h i n  t h e  s t a n d a r d  
calibration graphs.
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Figure 9.4a Samples and quantities of DNA applied, and results 
of scintillation counting of the "blots" (opposite) 
hybridised with plasmid probe.
B D H
.34
1254
.34
995
. 17 
1306
. 17 
1251
3.43
4970
3.43
3396
1.72
925
1.72
1022
ng
CPM
plasmid
standards
6.86
8206
6.86
7513
3.43
2731
3.43
2805
10.3
10395
10.3
10879
5.15
4896
2.57
3769
ng
CPM
plasmid
standards
13.73
14580
13.73
13101
6.86
6565
6.86
5344
17.17
20210
17.17
18895
8.58
5583
8.58
6296
ng
CPM
plasmid
standards
20.59
21344
20.59
25399
10.3
8711
10.3
8799
27.46
32933
27.46
24989
13.73
11067
13.73
9293
ng
CPM
plasmid
standards
<— pic
34.32
24498
ismid { 
34 . 32 
30793
standai 
17.16 
9795
:ds— > 
17.16 
10580
<lambc
55
2233
la X H; 
27.5 
1979
Lndlll
14
1267
DNA > 
7
1115
ng
CPM
plasmid 
standards 
or lambda
2
854
2
773
1
836
1
680
.5
869
.5
746
.2
608
.25
699
jug
CPM
chromos­
omal DNA 
controls
blank
lane
blank
lane
51146
20
.929
56491
20
.929
16950
10
.929
23095
10
.929
11016
20
.23
13894
20
.23
14582
10
.23
12781
10
.23
CPM chemostat 
samples 
D=.243H 1
5715 
20 
. 10
16496
20
.10
5468
10
.10
5908 
10 
. 10
4522 
20 
. 06
7370 
20 
. 06
9039
10
.06
5159
10
.06
CPM chemostat
samples
D=.243H"1
1853
20
.019
4419
20
. 019
2440
10
. 019
3601
10
. 019
CPM chemostat
samples
D=.243H~1
10
11
the table shows either ng, jitg or pi of DNA applied to 
each "blot" area on the filter, the result from the 
scintillation counter (counts per minute (CPM)) for each 
"blot" and the proportion of P**" cells in the sample for 
the dilution rate indicated.
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Figure 9.4b Photograph showing autoradiograph of
nitrocellulose filter with samples applied 
as detailed opposite and hybridised with 
the plasmid probe.
1
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e # # #
Samples of DNA extracted from whole cells (Methods 
section 2.2.If) were applied to a nitrocellulose filter 
using a "dot blot" apparatus (Methods section 2.2.1r) on 
the areas indicated in the table opposite. The proportion 
of P"^  cells in each sample is indicated opposite (results 
plotted in figure 8.2, page 200 and listed in table 9.1, 
page 238, not all samples used in stability analysis in 
figure 8.2 were used in copy number determination) . 
Standard samples of known quantities of plasmid DNA, from 
a large scale preparation (Methods section 2.2.1c), as 
determined by ODggg measurement (Methods section 2.2.1y) 
with the use of appropriate dilutions and yolumes, were 
also applied. Samples of chromosomal DNA and lambda DNA 
were applied as negative controls. After transfer of all 
DNA solutions to the filter, the filter was placed in 
denaturing solution for 60 minutes and then neutralising 
solution for 60 minutes and then baked for 2 hours at 
80°C. The filter was placed in a hybridisation bag and 
hybridised with radioactiye plasmid probe (Methods 
section 2.2.1s). After hybridisation the filter was 
autoradiographed. Indiyidua1 squares were cut out 
(already marked) and placed in tubes of scintillation 
fluid and counted in a scintillation counter (Methods 
sections 2.2.It and 2.2.lu).
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Figure 9.5a Samples and guantities of DNA applied and results 
of scintillation counting of the "blots" (opposite) 
hybridised with chromosome probe.
B D E H
3
13571
3
8000
2
7480
2
7788
1
3844
1
2996
.5
1833
.5
1181
Mg
CPM
chromosome
standards
. 25 
1151
.25
1417
.125
1073
.125
1079
.061
1898
. 061 
486
Mg
CPM
chromosome
standards
1
1624
1
834
.5
2032
.5
1783
.25
2397
.25
840
. 125 
858
. 125 
237
Mg
CPM
lambda DNA 
X Hindlll 
controls
40
15991
.996
20
10710
.996
20
9603
.996
40
13758
.996
20
1744
.996
20
7065
.996
40
10447
.988
20
5212 
. 988
Ml
CPM
P+
chemostat 
samples 
D=.243H 1
20
3729
.988
40
8725
.960
20
3638
.960
20
3706
.960
40
9644
.929
20
6102
.929
20
3384
.929
40
6231
.23
Ml
CPM
P+
chemostat
samples
D=.243H"1
20
2803
.23
20
4076
.23
Ml
CPM
P+
chemostat 
samples 
D=.243H 1
34
296
34
322
17
267
17
275
6.8
198
6.8
285
3.4
212
3.4
267
ng
CPM
plasmid
DNA
controls
The table shows either ng, /xg or jul of DNA applied to 
each "blot" area on the filter, the result from the 
scintillation counter (counts per minute (CPM)) for each 
"blot" and the proportion of cells in the sample for 
the dilution rate indicated.
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Figure 9.5 shows the autoradiograph after hybridisation 
of the chromosomal DNA probe. Calibration standards are 
in rows 1 and 2. Some fermenter samples are in rows 4, 5 
and 6). Row 3 contained lambda x Hindlll DNA as a 
negative control (no hybridisation can be seen and counts 
were low). Row 7 contained plasmid DNA as negative 
controls. No hybridisation can be seen and the counts 
were very low (mean 2 65 CPM). The quantities or volumes 
applied are indicated in the table opposite.
Figure 9.5b Autoradiograph of dot blots probed with 
chromosome probe
B C D E F G H
1
2
3
4
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7
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# e
For details of methods see the legend to the 
autoradiograph of figure 9.4 except standard samples of 
known quantities of chromosomal DNA, prepared as in 
Methods section 2.2.le and quantified by OD2 g 
measurement (Methods section 2.2.Iv) with the use o 
appropriate dilutions and volumes, were applied. Samples 
of plasmid pFClO DNA (from a large scale preparation) and 
lambda DNA were applied as negative controls.
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Figure 9.6a Details and results of "blots" opposite of 
fermenter samples hybridised with plasmid probe 
A B C D E F G H
40
37193 
. 992
40
40513
.992
20
19220
.992
20
31711
.992
40
74826
.980
40
76307
.980
20
41991
.980
20
52278
.980
Ml
CPM
P'^
chemostat 
samples 
D=, 585H’‘l
40
42830
.97
40
41537
.97
40
28427
.97
40
40032
.97
40
72342
.96
40
59397
.96
20
32505
.96
20
37261
.96
Ml
CPM
P+
chemostat
samples
D=.585H"1
40
30311
.92
40
54614
.92
20
37128
.92
20
35701
.92
40
45885
.79
40
53561
.79
20
27744
.79
20
29504
.79
Ml
CPM
P+
chemostat
samples
D=.585H"1
40
30447
.67
40
39928
.67
20
25764
.67
20
19075
.67
40
26737
.56
40
27522 
. 56
20
13748
.56
20
17237 
. 56
Ml
CPM
P+
chemostat 
samples 
D=.585H"1
40
15808
.36
40
18429 
. 36
20
10327
.36
20
13380
.36
40
17037 
. 14
40
15045 
. 14
20
9286
.14
20
10500 
. 14
Ml
CPM
P"^
chemostat 
samples 
D=.585H"1
40
9182 
. 10
40
11824 
. 10
20
10664 
. 10
20
15618 
. 10
40
11639
.017
40
6744 
. 017
20
3295
.017
20
3473
.017
Ml
CPM
P+
chemostat
samples
D=.585H"1
30
35354
.990
30
44973
.990
15
20842
.990
15
23054
.990
30
45137
.996
30
27313
.996
15
13932
.996
15
18288
.996
Ml
CPM
P+
chemostat 
samples 
D=.423H 1
30
47630
.990
30
45289 
. 990
15
27430
.990
15
20944
.990
30
23157
.974
30
28993 
. 974
15
15344
.974
15
26207
.974
Ml
CPM
P+
chemostat 
samples 
D=.423H 1
30
28264
.77
30
34812
.77
15
16400
.77
15
17972
.77
30
8915
.34
3 0
5106
.34
15
5133
.34
15
8669 
. 34
Ml
CPM
P+
chemostat 
samples 
D=.423H 1
30
9900
.11
30
4793 
. 11
15
5549 
. 11
15
8258 
. 11
30
6041
.024
30
6665
.024
15
3457
.024
15
2606
.024
Ml
CPM
P+
chemostat 
samples 
D=.42 3H 1
20
37933
.996
20
30957
.996
10
29235 
. 996
10
33561
.996
20
29848
.996
20
56352
.996
10
44610
.996
10
31823
.996
Ml
CPM
P+
chemostat
samples
D=.243H"1
20
38147
.988
20
29880
.988
10
18465
.988
10
13738
.988
20
27822
.960
20
42124
.960
10
27414
.960
10
33364
.960
Ml
CPM
P+
chemostat
samples
D=.243H"1
10
11
12
The table shows volume (/xl) of chemostat DNA preparation applied 
to each "blot" area on the filter, the result from the 
scintillation counter (counts per minute (CPM) ) for each "blot" 
and the proportion of P cells in the sample for the dilution 
rate indicated.
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Figure 9.6 shows plasmid probe hybridisation to DNA 
samples from chemostats operated at the dilution rates as 
indicated. The loss of plasmid due to segregationa1 
instability can be clearly seen. The first six rows are 
samples from the dilution rate of 0.585 followed
by 0.423 and then 0.243 (latter half of 0.243
samples in figure 9.4). A filter of 96 "blots" 
hybridised with the chromosomal probe was also produced 
(autoradiograph not shown). The scintillation counts are 
in Appendix 5 with the spreadsheet calculations.
Figure 9.6b "Dot blots" of fermenter samples hybridised 
with plasmid probe
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For details of methods see the legend to figure 9.4b. 
Standards were not included on this filter. Chemostat 
samples were applied as indicated in the table opposite.
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CALCULATIONS
The calibration lines and equations are shown in figures 
9.7 and 9.8. They were produced by plotting the CPM 
values from scintillation counting against weight of 
standard DNA. The calibration equation was generated by 
the Powergraph linear regression program (AVP Computing 
Ltd) .
Figure 9.7 PLASMID PROBE HYBRIDISATION
CALIBRATION
CPM (thousands)
35
30
25
20
10
3525 3015 205 100
weight plasmid DNA (ng)
The equation for the line in figure 9.7 from linear 
regression is:
Y = 905.8 * X + 294.3 
Gradient = 905.8
Correlation coefficient = 0.9453
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Figure 9.8 C H R O M O S O M E  PROBE HYBRIDISATION
CALIBRATION
CPM (thousands)
10
2.51.50.5 210
w e i g h t  c h r o m o s o m e  D N A  (ug)
The equation for the line in figure 9.8 from linear 
regression is:
Y = 3585 * X + 206.9 
Gradient = 3585
Correlation coefficient = 0.984
The background count of approximately 750 CPM was not 
subtracted from the CPM for the plasmid probed samples. 
The CPM values for 0.25 to 2/xg of chromosomal DNA (row 6 
figure 9.4) were very similar and did not show a strong 
correlation. The plasmid standards contained some 
chromosomal DNA. This was because DNA standards were 
originally made up as different copy number samples 
calculated according to the known size of chromosome and 
plasmid molecules. However the quantity of chromosomal 
DNA was found not to be sufficient for a strong and 
therefore accurate hybridisation. The standard samples 
were therefore used only as plasmid standards and 
standards for chromosomal DNA were applied as blots in 
the higher quantities of 0.125 to 3/xg of chromosomal DNA. 
The plasmid standards contained 0.125/ig of chromosomal
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DNA for each blot. Since 0.25 to 2/ig of chromosomal DNA 
gave very similar counts with a mean value of 758 CPM it 
is probable 0.125/xg would give a similar CPM value. 
Therefore the small inaccuracy created by inclusion of 
the rrnB sequences in the plasmid probe (see page 220) 
was accounted for by including similar quantities of 
chromosomal DNA in the plasmid standards as the plasmid 
probe encountered in the test samples. For the chromosome 
hybridisation the background counts were insignificant 
(at around 5% of most chromosomal probe CPM values) (mean 
value of 265 CPM for 0.34 to 34ng of plasmid DNA, figure 
9.5, lane 7) hence they were not subtracted. The size of 
the plasmid was calculated to be 8.775kb using agarose 
gels (section 3) and from sequence data and restriction 
maps (Data bank. Microgenie, Beckman Ltd). The estimated 
size of the E. coll chromosome is 3900kb (Bachmann, 
1983) .
mean CPM, plasmid 
probe (CPMp)
CPM blot 1 + CPM blot 2
weight (ng) plasmid 
DNA per 20/il
(CPMp - 294.3) / 905.8 
vol. applied
X 20
mean CPM, genome 
probe (CPM^)
CPM blot 1 + CPM blot 2
weight (ng) genome 
DNA per 20jLtl
(CPMc - 206.9) / 3585 
vol. applied
X 20 X 10
copies per genome 
in lysate
ng plasmid DNA per 20/xl 3900
----- _---------- ^ ^ ---  X------
ng genome DNA per 20/xl 8.775
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mean copy number =
copies per genome, total lysate
(plasmids per genome) proportion P cells in sample
The calculations were performed by spreadsheet which is 
printed out in Appendix 5. The final two columns are 
reproduced in table 9.1 below.
Table 9.1 Plasmid copy number per genome eguivalent in 
P*^  cells from fermenters grown at different 
dilution rates
0.585 0.423 H-1 0.243 H-1
prop. P"*" cop. no. prop. P"*" cop. no. prop. P"*" cop. no.
/genome /genome /genome
0.992 8.29 * 0.990 14.85 * 0.996 5.93 *
0.980 13.96 * 0.996 8.78 * 0.996 17.69 *
0.97 11.22 * 0.990 14.84 * 0.988 12.57 *
0.96 21.17 * 0.974 6.00 * 0.960 17.94 *
0.92 12.03 * 0.77 7.04 * 0.929 15.84 *
0.79 17.42 * 0.34 7.76 * 0.23 26.97 *
0.67 14.88 * 0.11 28.66 * 0.10 47.92 *
0.56 12.93 * 0.02 72.03 0.06 55.60 *
0.36 17.82 * 0.02 49.51 *
0.14 22.32 *
0.10 19.32 *
0.017 157.68
proportion P*^  = proportion P^ cells in original sample.
* = included in statistical analysis
The table shows the results from the spreadsheet 
calculations in Appendix 5. The results indicated with * 
are values used in the statistical calculation because 
they fall within two standard deviations from the mean 
value for the group (see table 9.2).
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Table 9.2 Mean and standard deviation values for the
r e s u l t s  of c o d v  n u m b e r  a t  e a c h  d i l u t i o n  r a t e
Dilution rate 
of sample 
group
0.585 H 1 0.423 H~1 0.243 H 1
Mean 27.42 19.99 27.77
Standard
Deviation
41.24 22.28 18.38
Mean and standard deviation values calculated 
from the whole of the data in table 9.1.
Analysis of Results
The value of 157.68 plasmids per genome at 0.585 may
have been very high due to error arising from conversion 
using the very low cell proportion value. The sample 
was tested for stability by dilution and spreading onto 
ampicillin plates (method c, section 2.2.4a). Small 
errors in the stability result would lead to substantial 
error for copy number at such low P"^  levels. High result 
values at low P"^  proportions from the other two dilution 
rates can also be seen.
The Kruskal-Wallis Test
The statistical test (Kruskal and Wallis, 1952) was used 
as a computer program form on the data indicated in table
9.1. The data indicated by in table 9.1 which was
input to the program are values within twice the standard 
deviation for the group concerned (see table 9.2). The 
Kruskal-Wallis test is a statistical method used where a 
normal distribution of variability cannot be assumed. It 
is a test for differences of location in ranked data
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grouped by single classification. The result printed out 
by the program was: P = 0.0000 to reject Ho. Ho is the 
Null Hypothesis which states that the values are the 
same. P is probability. Therefore there is no significant 
difference between the value for copy number at different 
dilution rates. The statistical test was also performed 
on data within one standard deviation of the mean for the 
group. The data used for the test was then the same for 
the first two groups but in the 0.243H"'^ group the first 
value and the last three values were not included. The 
result was P = 0.0001 to reject Ho indicating also that 
there is no significant difference between the copy 
number values at different dilution rates.
Comparison of experimental copv number results and copy 
number predicted bv modelling.
Experimental data and the values predicted from 
mathematical modelling (using both possible Ks values) 
from section 8 are listed in table 9.3.
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Table 9.3 Experimental and predicted mean copy number 
values
D Rate Model predictions (2n(^) Mean^^) experimental 
(H"l) plasmids per cell) values (plasmids
per genomel ))
0.585 14.19, 14.56 15.58 ±1.33
0.423 15.41, 16.05 12.56 ±3.01
0.243 19.16, 19.42 27.77 ±6.13
note (1) the model prediction refers to the 2n value 
(page 202, equations (24) and (25)) ie the 
plasmid number just prior to division 
note (2) only values indicated with a * in table 9.1 
used to calculate figures (mean ± standard 
error, standard error = standard deviation/Vn) 
note (3) here assumes one thr operon per genome 
equivalent
For a direct comparison of the two sets of data in table
9.3 conversion to the same units is required:
(A) Experimental results
Copy number per genome can be converted to a per cell 
basis assuming that chromosomal content varies with 
growth rate according to the model of Cooper and 
Helmsetter (1968). The C and D periods were calculated 
from the model trends of Domach et al. (1984). Also it is 
assumed that at slow growth rates the model equation 
still applies ("theory (a)") with a gap (G^) period 
(Mandelstam et al., 1982). Equation (26) defining mean 
genome equivalents (mass of DNA corresponding to a single 
non-replicating chromosome) per cell (G‘) is as follows 
(Cooper and Helmsetter, 1968):
Td
G» =  [2(C+D)/Td _ gD/Tdj (26)
C X ln2
where: C = chromosome replication time
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Equation (26) continued:
D = gap between replication completion and 
division 
Td = generation time in minutes
For the three growth rates the G' values are in table 9.4 
Table 9.4 Calculated G ' values
Dilution rate (H”"^ ) G'
0.585 1.788
0.423 1.713
0.243 1.613
The variation in DNA content with growth rate is 
explained in section 1.11a. The G ' values suggest that 
there are more copies of the threonine operon than one 
per cell. However the majority of the DNA is from near 
the chromosome origin. Genes midway in the replication 
path have about one copy per genome equivalent 
regardless of growth rate (Churchward et al., 1982). The 
threonine operon maps at 16 min (Bachmann, 1983), midway 
is at 25 min, and the whole genome is 100 min. 
Calculations based on the age distribution of cells 
(discussed below) , the lengthening of the G^  ^ (Helmsetter 
and Pierruci, 1978) , and C and D (Helmsetter and 
Pierruci, 1978; Domach et al., 1984) periods as doubling 
time increases above one hour, and the map location have 
been used to convert values in table 9.4. Genome 
equivalents, above the base of one per cell, contain 
0.49, 0.61 and 0.75 copies of the threonine operon at 
the dilution rates of 0.585, 0.423 and 0.243 H ^
respectively. Hence, the G' values in table 9.4 can be 
converted to the following in table 9.5:
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Table 9.5 Calculated mean thr opérons per cell
Dilution rate Mean thr opérons 
(H"l) per cell
0.585 1.39
0.423 1.43
0.243 1.46
To convert the experimental values of plasmids per genome 
to plasmids per cell the experimental values in table
9.3 were multiplied by the corresponding value in the 
right hand column of this table (results in table 9.6).
To convert the experimental values of plasmids per genome 
to plasmids per cell the experimental values in table
9.3 were multiplied by the corresponding value in the 
right hand column of table 9.5.
(B) Model Predictions
The mean 2n value for copy number per cell can be 
converted to a mean copy number value for the whole P^ 
cell population: Using the age distribution function for 
an ideal exponentially growing culture (equation (27)) 
(Cooper and Helmsetter, 1968) it can be shown that the 
mean cell age in a population of exponentially growing 
bacteria (in chemostat culture) is approximately 0.5 of 
the doubling time. Plasmid replication is assumed to 
occur throughout the cell cycle (Pritchard, 1984). 
Therefore the mean copy number of a culture is defined in 
equation (28).
= (ln2)2(l-a) (27)
where: N/^\ = relative frequency of cells at age a 
a = relative age
2n 2n
mean copy no. = [  ---  * 0.5 ] +   (28)
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Table 9.6 Copy number values adjusted to account for 
cell age and genome content
Mean plasmid copy number per cell 
D Rate Model p r e d i c t i o n s E x p e r i m e n t a l
(H“ )^ values(2)
0.585 10.6, 10.9 21.7 ±1.9
0.423 11.6, 12.0 18.0 ±4.3
0.243 14.4, 14.6 40.5 ±8.9
notes: (1) for two different Ks values (section 8), and 
adjusted as explained in text using equation (28) 
(2) adjusted as explained in text and in table 9.5
DISCUSSION
The experimental values for copy number do not show the 
same correlation with dilution rate as the values from 
the model. The experimental values have a minimum copy 
number at the middle dilution rate used. Between the two 
extremes of dilution rate used the model and experimental 
values show the same trend. However no statistically 
significant difference in the means was found for the 
experimental results. It is likely that such a small 
change in copy number predicted by modelling would be 
difficult to detect by the experimental technique used 
here.
With practice the hybridisation method could be refined 
further. It is possible that some of the unexpectedly 
high copy numbers arose from loss of chromosomal DNA 
during preparation of total lysates. The genomic DNA 
forms a mucoid-like web, some of which can attach to the 
(plastic) pipettes used. Less sample manipulation may
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reduce errors as discussed below.
Structural changes within the plasmid or the chromosome, 
leading to duplication of genes used for hybridisation is 
another potential source of experimental error. No 
structural instability was detected on the plasmid. The 
Sail digestions used for linearisation did not reveal 
any change in plasmid size for either dilution rate (eg 
figure 9.3). A small population of rearranged plasmids 
may not be revealed against the background of chromosomal 
digest. However a plasmid preparation from cells close to 
the fermentaion finish (at 0.2 P"^  cells) also revealed no 
structural change for either dilution rate.
The reason for the difference between the experimental 
and predicted results may have been due to 
multimerisation of the plasmid. The host strain used 
(API) is a W3110 derivative and is recombination 
proficient (Bachmann, 1972). rec"^  cells exhibit greater 
plasmid instability than rec” cells due to plasmid 
multimerisation and the multimers act as single 
segregating units (Summers and Sherratt, 1984). Higher 
segregation rates in the model programs would therefore 
be required for data fitting. This would lead to a 
reduction in the calculated copy numbers from model 
predictions. Some dimers or multimers were indicated by 
the autoradiograph of the Southern blot shown in figure
9.2. The three slower running bands in lane 2 may be 
multimers. However, the slowest may possibly be material 
held back in the gel well. The next a multimer and the 
faster of the three a dimer. Further refinement to the 
experimental technique should involve detection and
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quantification of these plasmid multimers. Pieces of 
nitrocellulose filter from the Southern blot could be 
counted in the same way as for the dot blots. Partial 
digestion with restriction enzymes may reveal the extent 
of the multimerisation.
The correlation of copy number with dilution rate 
predicted by the model in section 8 is the same 
correlation as found for pBR322 (Lin-Chao and Bremer, 
1986a) when they expressed copy number as plasmid copies 
per OD^gQ unit (biomass unit). The model trend obtained 
in this study does not follow their correlation for 
plasmid copies per cell which had the opposite (positive) 
correlation. The reason for the opposite correlations 
between OD,jgQ and plasmid copies per cell was explained 
by the larger size of faster growing cells. The 
mathematical model calculates biomass (X) and effectively 
biomass of P"^  or P” rather than cell numbers. The model 
predictions in this study therefore express plasmid 
copies per unit biomass. The fitting of the model to 
stability data of a per cell basis (proportion P"^ ) 
probably introduces negligible error. Only when 
individual simulations are compared does the disparity of 
biomass and cell number significantly affect the results. 
The plasmid copy number per biomass unit is the important 
determinant of plasmid gene expression levels in the 
culture. It is the biomass as a whole which contains the 
total protein synthesising machinery. Individual cells 
change in volume. As stated by Lin-Chao and Bremer it is 
preferable to use the cell mass as a reference unit 
because chromosome replication and cell division are
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controlled independently of plasmid replication. 
Therefore the per-cell and per-genome values also reflect 
the control of these reference units. They therefore 
concluded that there is a negative correlation between 
plasmid concentration and growth rate as found for the 
per OD^gQ unit.
When comparing results presented here with published 
results the different experimental conditions of other 
workers need to be considered. Lin-Chao and Bremer 
(1986a) employed batch culture and varied media 
constituents to achieve different growth rates. They used 
the fluorimetric method for copy number determination. 
These differences in experimental approach and methods 
may account for differences in results. Lin-Chao and 
Bremer (1986a) found that as growth rate was increased 
from 0.415 to 1.75 copies of pBR322 per OD^ g Q
decreased from 46 to 11, copies per genome decreased from 
23 to 15 and copies per cell increased from 39 to 55.
The lack of functions in the model to account for cell 
size at different growth rates exposes a weakness of the 
unstructured model. Structured models (eg Atai and 
Shuler, 1987) readily account for such changes.
The copy number results here were not calculated on a per 
cell or per ODggg basis. This was because the many 
manipulations of the suspensions and lysates involved may 
have introduced large errors. Also frozen (cryopreserved) 
samples were used which may have affected cell integrity. 
However, with experience and practice measurements could 
be made (ie total cell counts could be determined) prior
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to preservation and a minimum number of liquid transfers 
could be used. The method of Klotsky and Schwartz (1987) 
involved dot blots of whole lysates (centrifuged cell 
sonicates). DNA was not linearised and the associated 
steps which may lead to differential loss of plasmid or 
genomic DNA on the sides of tubes and pipettes were 
avoided.
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SECTION 10
PLASMID PRODUCT EXPRESSION IN CHEMOSTAT CULTURE 
SUMMARY
Product expression levels from the plasmid genes 
tryptophanase and B-lactamase were measured in cells 
grown in chemostat culture. Gene product levels were 
shown to be positively correlated to plasmid copy number 
predicted by studies with the mathematical model in 
section 8. The sequences around the ribosome binding 
regions of the tryptophanase, B-lactamase and lacl^ gene 
transcripts, as detailed in the literature, were 
examined. Study of the mRNA ribosome binding sites of the 
bla and tnaA transcripts revealed that the tnaA ribosome 
binding site is theoretically more efficient than the bla 
ribosome binding site. The sequence of the translation 
initiation codon of the lacl^ transcript leads to 
inefficient expression of the lac repressor protein as 
discussed in the literature. This may explain the 
expression of tryptophanase from the tac promoter in 
uninduced cultures. The effect of this expression on the 
plasmids instability and possible methods for reducing 
the tryptophanase expression and therefore improving 
stability are discussed.
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INTRODUCTION
The kinetics and physiology of product expression by 
recombinant plasmids in E. coli has been the subject of 
much research. The combination of experimental 
observations has led to the formulation of highly 
structured models which accurately simulate plasmid 
product formation (Lee et al., 1985; Peretti et al., 
1989) .
The plasmid generally relies on the host to provide the 
enzymatic activity to replicate itself and to synthesise 
the requisite mRNA and proteins. High productivity 
depends, in part, on the ability of the plasmid system to 
successfully compete for metabolic processing units (DNA 
polymerase, RNA polymerase, ribosomes and other 
molecules) (Peretti at al. , 1989). It has been reported
that the amount of cloned gene product is directly 
proportional to the plasmid copy number for low copy 
levels, with decreased overall efficiency of plasmid gene 
expression with increased copy number (Uhlin and 
Nordstrom, 1979). Since higher productivity is gained 
from high copy number plasmids, such plasmids have been 
used for recombinant gene expression (eg the dual-origin 
plasmid (Yarranton et ai., 1984) and the runaway- 
replication plasmid (Larsen et ai., 1984)). However cells 
with high copy number plasmids, grow more slowly than 
cells with low copy number plasmids (Godwin and Slater, 
1979; Seo and Bailey, 1985). In the case of highly 
amplified plasmids cells lose viability completely (Uhlin 
and Nordstrom, 1978), presumably due to the direction of
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metabolic resources away from production of major 
components required for cell growth.
Studies for non-recombinant cells show how the specific 
rate of product formation (qp) can be growth linked, in 
which case qp is directly proportional to growth rate. 
This relationship is found for important cell components 
such as essential anabolic enzymes (Pirt, 1975). Hence 
direct measurements of ribosomal proteins, RNA 
polymerase, amino-acyl tRNA synthetases and other 
components concerned with transcription and translation 
show a distinct positive correlation with growth rate 
(Iwakura et al., 1974; Pedersen et al., 1978). In one 
case such correlation can be directly attributed to 
promoter effects - the RNA molecules encoded by the 
ribosomal RNA operon of E. coli are transcribed from two 
tandem promoters PI and P2 . The PI promoter is 
responsible for the positive growth-rate correlation of 
this operon (Glaser et al. , 1983; Sarmientos and Cashel,
1983). Pirt also describes non-growth-1 inked product 
formation where qp can be a complex function of, and can 
be inversely related to, the specific growth rate. An 
example is secondary metabolite production which involves 
complex biochemical pathways (Pirt, 1975).
Therefore specific cloned gene product expression can be 
related to growth rate directly, due to a specific 
relationship between promoter and growth rate, or 
indirectly, through its interaction with, and competition 
for, cellular components of anabolism, the concentration 
of these being positively correlated to growth rate.
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Plasmid encoded 5-lactamase (BLA) gene expression and 
plasmid copy number were shown to follow the same 
negative correlation with growth rate by Klotsky and 
Schwartz (1987), Therefore it was assumed to be 
expressed independently of the growth rate which was used 
to vary the copy number. BLA activity from the plasmid 
(pBR325) was directly proportional to copy number and so 
it was concluded that it could be used as an indicator of 
copy number, independent from growth rate effects. 
However growth rate effects may have been cancelled out 
by the copy number effect.
Peretti et al . (1989) found BLA specific activity and
copy number were positively correlated up to a copy 
number of 60, at the same growth rates, above which the 
BLA activity declined. High expression levels from pMG173 
due to copy number increase corresponded with a sharp 
decline in BLA activity (M Brown, 1990). Possibly this 
may have been due to lowering of the growth rate as 
expression from pMG173 increased.
Expression from a chromosomal lact/VS promoter is 
constant, as a fraction of total protein, for a wide 
growth rate range of 0.5 to 2 generations per hour 
(Wanner et al., 1977). The lacUV5 promoter was used to 
construct the tac promoter and these results may be 
relevant to its expression studied here. Similarly, 
expression of the chromosomal tryptophan operon in a 
trpR” strain is also positively correlated with growth 
rate, but only to the extent that constant enzyme- 
specific activity was maintained over a growth rate range
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of 0.1 to 0.6 H” .^ Synthesis of the trp operon enzymes 
remained proportional to over-all protein synthesis. 
Results indicated that this was due to increase in RNA 
polymerase initiation frequency and/or the number of 
ribosomes translating each message at higher growth rates 
(higher over-all protein synthesis) (Rose et al., 1970).
The relationship may reflect the larger number of 
cellular components for transcription and translation 
available at higher growth rate (Iwakura et al., 1974; 
Pedersen et al . , 1978). Previously, analysis of
transcription showed that RNA chain growth was 
independent of growth rate (0.9 to 1.7 H“ )^ (Bremer and 
Yuan, 19 68). This, however does not rule out changes in 
the rate of transcription initiation. Translation studies 
conclude that peptide-chain-elongation rates are faster 
at higher growth rates. The synthesis time of 5- 
galactosidase at 0.63, 1.36 and 2.1 doublings per hour 
are 90, 75 and 74 seconds respectively (Dalbow and Young, 
1975). Similar results were reported by Forchhammer and 
Lindahl (1971) for total polypeptide synthesis. They also 
found a constant rate of chain growth above one 
doubling/hour and a decreasing rate of chain growth as 
growth rate was progressively reduced below one doubling 
per hour.
The effect of plasmid maintenance and plasmid gene 
expression on transcription and translation was studied 
by Peretti et al. (1989), using plasmids with copy
numbers of 12 to 408 copies per cell, grown at a constant 
dilution rate. Results suggested that translation was the
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limiting process in gene expression for highly amplified 
systems although the limiting factor may be rRNA or 
recombinant protein mRNA synthesis. Also, increasing 
promoter strength will increase RNA polymerase usage more 
efficiently than increasing copy number, since adding 
plasmid to the cell increases non-promoter site DNA to 
which core enzyme of RNA polymerase (Iwakura et ai., 
1974) binds non-specifically. This could then cause the 
limitation on productivity by way of reduced rRNA, 
ribosomal protein and mRNA synthesis. The high 
translation rate found at high copy number also appears 
to result in reduced mRNA stability due to an 
insufficient number of ribosomes to protect the mRNA from 
degradation. Stability of cloned gene mRNA and protein 
may be of equal or greater significance to productivity 
than macromolecular synthesis (Peretti et ai., 1989).
Mathematical modelling also suggested that cloned-gene 
expression could be increased most effectively by 
maximising the strength of the ribosome binding site 
(Peretti and Bailey, 1987). This was shown to increase 
(cloned) gene expression by the same factor as increasing 
the promoter strength without the attendant depression of 
cellular activity caused by the decrease in chromosomal 
transcription which occurs with increased plasmid cloned 
gene promoter strength.
The lac promoter-operator model has been applied to 
calculate transcription rates of cloned genes under its 
control in multicopy plasmids (Lee and Bailey, 1984a). 
The model produced results uniformly consistent
254
qualitatively and quantitatively with the available 
experimental results. The calculated dependence of 
transcription efficiency on plasmid copy number and 
repressor concentration is shown in figure 10.1. The 
repressor levels are based on a single chromosomal copy 
of the laci gene. Transcription efficiency is defined as 
the relative rate of initiation of transcription at the 
lac promoter-operator.
Figure 10.1 Reproduced from Bailey et al., 1983.
IÛOÜ
Calculated dependence of 
cloned lac promoter-operator 
transcription efficiency on 
plasmid copy number and host 
cell repressor (R) concent­
ration in the absence of 
inducer. Transcription 
efficiency is here normalised 
by the fully induced state 
(= 1.0 on this scale). The 
increasing repressor levels 
shown correspond to 
and strains respectively.
molecules/cell
Rosmid Copy Number
The model simulations in figure 10.1 should be relevant 
to the tac promoter since the tac promoter/operator 
system also binds lac repressor. In figure 10.1 as copy 
number is increased repressor is titrated out by 
increased operator binding sites. Therefore control of 
plasmid gene expression is lost as repressor is titrated 
out. For plasmid pFClO the lacl^ gene is present on the 
plasmid hence this loss of control over expression would 
not be expected to occur. Since the lacl^ gene produces 
an abundance of repressor molecules - 100 molecules per 
cell for a chromosomal lacl^ gene (Muller-Hill et ai.,
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1968) - it could be expected that tac gene expression
will be reduced at higher copy number, in the absence of 
inducer. However this assumes that the ratio of 
transcription rates for the tac and lacl^ promoters 
remain constant at variable copy number, and growth rate. 
This may not be so. Also, if translation is the limiting 
process in gene expression for highly amplified systems 
(Peretti et ai., 1989) then overall translation rates of 
lacl^ mRNA may lag behind overall rates of mRNA 
translation for the tac promoter product. This is because 
the lacl^ gene may behave as if on an amplified plasmid 
due to production of high levels of mRNA. Both mRNA pools 
will be competing for ribosomes. Lack of a sufficient 
number of ribosomes being the first bottleneck as copy 
number is increased according to modelling studies 
(Peretti and Bailey, 1987 ) . Further reduction in 
expression of lacl^ mRNA may occur due to reduced mRNA 
stability since insufficient ribosomes are available for 
protection (Peretti et ai., 1989).
RESULTS
The factors influencing plasmid gene expression are 
several and complex, as explained above. The following 
results are assumed to be affected by these factors. 
Figures 10.2 and 10.3 show tryptophanase and B-lactamase 
production which are summarised in table 10.1 and in 
figures 10.4 and 10.5. In both cases there is increased 
expression as dilution rate is reduced. BLA is expressed 
as "units per ml of culture at OD^qq of 1.0". However 
total protein per OD^qq was found to be constant when
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assaying for tryptophanase. Hence the results are 
relative to total cell protein. The 5-lactamase results 
are not expressed as % of cell protein because a specific 
activity value is not available for the nitrocefin method 
of assay (O'Callaghan et al., 1972). The results relating 
expression levels to plasmid copy number are presented in 
figures 10.6 and 10.7.
Figure 10.2 T R Y P T O P H A N A S E  EXPRESSION IN 
G L U C O S E  LIMITED CHEMOSTATS
T'ase as % total protein per P+ cell
4
3
D - 0.243
2
1
0.423
D - 0.585
X '" '
0
500 100 150 200 250
D - dilution rate (/H) GENERATIONS
During chemostat cultures at the dilution rates indicated 
samples were taken for tryptophanase assay (section 
2.2.3f). Chemostat cultures were the same experiments as 
shown and described in figure 8.2.
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Table 10.1 Mean product expression levels in chemostat 
culture
Dilution Rate 0.585 0.423 0.243
r - 1
5-lactamase 0.71 1.05 1.33
(U/ml OD 1.0/P+) ±0.06 ±0.03 ±0.09
Tryptophanase 0.34 0.51 2.14
(% of cell protein ±0.03 ±0.09 ±0.30
per P"^  cell)
The tryptophanase values are the means and standard error 
values for each dilution rate as plotted in figure 10.2. 
The 5-lactamase values are the means and standard errors 
of the values plotted in figure 10.3.
258
Figure 10. 3 b - la c ta m a s e e x p r e s s io n in 
GLUCOSE LIMITED CHEMOSTATS
BLA units/OD 1.0/P+ cell
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During chemostat cultures at the dilution rates indicated 
samples were taken for 8-lactamase assay (section 
2.2,3h). Chemostat cultures were the same experiments as 
shown and described in figure 8.2.
Figure 10.4 PRODUCT EXPRESSION
GLUCOSE LIMITED CHEMOSTATS
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mean plasmid copy no. from model 
(approximate predictions)
0.4 0.5
DILUTION RATE (/H)
0.6
Mean values for cellular tryptophanase concentration in 
chemostat culture summarised in table 10.1.
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Figure 10.5 PRODUCT EXPRESSION
GLUCOSE LIMITED CHEMOSTATS
BLA units/OD 1.0 /P+ cell
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Mean values for cellular 8-lactamase concentration in 
chemostat culture summarised in table 10.1.
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Figure 10.6 PRODUCT EXPRESSION
GLUCOSE LIMITED CHEMOSTATS
Tryptophanase (% of cell protein)
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mean plasmid copy no. from model m e AN PLASMID COPY NO.
(approximate predictions)
A plot of the mean values for tryptophanase in chemostat 
culture summarised in table 10.1. In this case the values 
are plotted against plasmid copy number on the x-axis. 
The copy number values are a mean of the two model 
derived copy number values in table 9.6.
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Figure 10.7 PRODUCT EXPRESSION 
GLUCOSE LIMITED CHEMOSTATS
BLA Units /CD 1.0 /P+ cell
mean plasmid copy no. from model wEAN PLASMID COPY NO.
(approximate predictions)
A plot of the mean values for B-lactamase in chemostat 
culture summarised in table 10.1. In this case the values 
are plotted against plasmid copy number on the x-axis. 
The copy num b e r  values are a mea n  of the two model 
derived copy number values in table 9.6.
DISCUSSION
The product expression levels measured here are being 
d i s c u s s e d  a l o n g s i d e  the c o p y  n u m b e r s  p r e d i c t e d  by 
m o d e lling in section 8 and adjusted as d e s c r i b e d  in 
section 9 (values in table 9.6). As explained in section 
9 (page 216) it is likely that the small changes in copy 
number predicted by the model would not be detectable by 
the experimental method for copy number determination 
used in this study. The copy number trend predicted by 
the model in section 8 has the same correlation as that 
predicted by Lin-Chao and Bremer (1986a) using the units 
of plasmid copies per biomass unit, as discussed on page 
246. Therefore plasmid gene expression is discussed here 
in relation to model predicted copy number values. If
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there was no significant change in copy number with 
dilution rate, as found experimentally, then the increase 
in tryptophanase and B-lactamase expression with reduced 
dilution rate is difficult to explain in the light of the 
current literature. The literature consistently gives 
evidence of increased expression levels at higher growth 
rates as discussed on pages 252, 253 and section 1.11.
The cellular concentrations of both products increases 
with plasmid copy number increase (copy number as 
predicted by the model). This has been found previously 
for low copy number levels (Uhlin and Nordstrom, 1979) .
&-lactamase activity per cell was also found to increase 
with copy number increase up to a copy number of 60, at 
constant growth rate (Peretti et al., 1989). However, as 
copy number increases, growth rate is reduced which 
usually reduces expression of genes as explained in the 
introduction to this section. The growth rate effect 
appears not to counteract the effect of copy number 
increase enough to reverse the trends in product 
expression in this study.
As growth rate is reduced the concentration of components 
required for transcription and translation will be 
lowered. However the strong tac promoter is able to 
compete more successfully for a reduced concentration of 
RNA polymerase (due to its consensus -35 and -10 regions 
- see section 1.3a). This may account for the large 
overall increase in tryptophanase expression between 
dilution rates 0.585 and 0.243 H~^ compared to BLA. 
Modelling by Peretti and Bailey (1987) suggested ribosome
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availability followed by RNA polymerase abundance are the 
more significant bottlenecks in expression, especially at 
high copy number. Either case would favour tac promoter 
expression because (1) It was designed to have a high 
transcription level and (2) the resulting high 
concentration of mRNA will have an advantage in 
competition for ribosome availability. The effects of 
titration of iac repressor as described by figure 10.1 
may also contribute to tnaA expression at the higher copy 
number.
The greater overall increase in tryptophanase expression 
relative to BLA, with increase in copy number, (figures 
10.6 and 10.7) may therefore be due to greater rates of 
transcription or translation at the tac promoter. BLA 
expression is constitutive - ie a repressor/operator 
system is not involved (Klotsky and Schwartz, 1987). For 
tryptophanase there may be a greater ratio of tac 
operator to lac repressor leading to greater expression, 
at reduced growth rate. This may be due to the greater 
affinity for the reduced levels of RNA polymerase 
exhibited by the stronger tac promoter compared with the 
lacl^ promoter, as growth rate is reduced. An additional 
or alternative reason may involve greater competition by 
tryptophanase mRNA ribosome binding sites when fewer 
ribosomes are present at reduced growth rates. B- 
lactamase, on the other hand, not being controlled by a 
repressor/operator system, does not show the large 
increase in expression at the higher copy number.
It seems probable that the accelerated increase in
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expression by tac with increasing copy number is due to 
the greater strength of the binding of RNA polymerase to 
tac compared to the BLA and lacl^ promoters as growth 
rate is reduced. Hence if RNA polymerase availability is 
the limiting factor tac is more competitive, similarly 
if ribosomes are limiting in number then the high 
transcription level from the tac promoter ensures a 
greater abundance of mRNA and subsequently, therefore, a 
more efficient competition for the ribosomes.
It is possible that the model in figure 10.1. simulates 
the tac promoter as well as simulating the lac promoter 
function However the stronger promoter is likely to 
compact the curves towards the left, simulating higher 
copy numbers for the lac plasmid in figure 10.1. Such a 
prediction is in agreement with the tryptophanase levels 
here taken in consideration with the models predicted 
copy number levels (figure 10.6).
Figure 10.8 mRNA sequences around ribosome binding 
regions of tnaA. lacl^ and bla gene 
transcripts
The short sequence above each shows the "optimum" 
ribosome binding region as explained in the text. Lines 
show homology and the translation start codon.
UAAGGAGGU
tnaA AAUGAAGGAUUAUGUAAUGGAAAAC
UAAGGAGGU
lacl^ AAUUCAGGGUGGUGAAUGUGAAACCA
UAAGGAGGU
bla GAAAAAGGAAGAGUAUGAGUAUU
Comparison of the ribosome binding sites and translation
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initiation codons for the three mRNA's in figure 10.8 
reveals that the tnaA gene would be expected to show the 
greatest expression as discussed below. The ribosome 
binding site provided on the plasmid, downstream of the 
tac promoter, will not be used. This is because the tnaA 
start codon is greater than 15 base pairs from the 
ribosome binding site provided (Pharmacia) (see figure
1.1, page 5). The tnaA ribosome binding site is expected 
to be utilised instead.
Both tnaA and bla possess the same Shine-Dalgarno (S-D) 
sequence which is close to the optimum sequence, 
UAAGGAGGU, (Stormo et ai., 1982). The optimum S-D 
sequence is shown above the equivalent region of each 
mRNA sequence in alignment with observed homology. The S- 
D sequence is the highly conserved short version (Gold,
1988) in this case (AAGGA). They also both possess the 
initiation codon AUG which yields higher translation than 
other possible initiation codons. The space between AUG 
and the S-D region (AAGGA) is 5 for bla and 1 for tnaA. 
For the AUG initiation codon, a distance of seven 
nucleotides to the S-D sequence is twice as efficient for 
initiation of translation as a distance of five 
(Shinedling at al., 1987).
The lacl^ mRNA has sequences which are theoretically less 
favourable for translation initiation. Only three 
nucleotides show homology to the highly conserved S-D 
sequence (AAGGA) , and a further one (G) shows additional 
homology to the longer optimum sequence. The spacing 
between the GUG start codon and the main S-D sequence
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(AGG) is optimal at nine nucleotides (Thomas et al . , 
1982; Wood et al., 1984). However, the most significant
sequence in the translation initiation site for lacl^ 
(lad) is the AUGUG sequence. GUG is the start codon but 
because the overlapping AUG wins the battle for the fMet- 
tRNA anticodon, it leads to frequent initiation in the 
wrong frame (Shinedling at ai., 1987; Wulff et ai., 
1984). By hypothesis, this mechanism is used to lower the 
expression of the l a d  gene (Stormo, 1986) . This 
interference with correct lacl^ mRNA translation may 
offer some explanation for the significant levels of 
tryptophanase in uninduced cultures in this study. As 
discussed in section 8, pages 211 and 212 the primary 
reason for pFClO instability appears to be the expression 
of tryptophanase. This in turn appears to be the result 
of inefficient translation of lac repressor mRNA, as 
discussed in this section.
The strength of the tac promoter (de Boer et al., 1982)
and the theoretical efficiency of the tnaA ribosome 
binding site both lead to the expectation of relatively 
high tnaA gene expression. The poor translation of lacl^ 
mRNA leads to poor repression at the tac promoter and 
enhances tnaA expression further. Further evidence of the 
low lac repressor concentration might be gained from 
analysis of cellular B-galactosidase activity. Low 
repressor levels would be expected to result in higher 
levels of this enzyme.
Another reason for differences in cloned gene activity at 
different dilution rates may be due to a difference in
266
stability of 5-lactamase or tryptophanase mRNA or 
protein. Degradation is an important consideration in 
cloned gene expression (Lee et ai., 1985; Peretti et ai.,
1989). As discussed in section l.lld the stability of 
mRNA is generally independent of growth rate. For cases 
where the stability was dependent on growth rate 
stability was greater at higher growth rate. The 
stability of the bla gene transcript is independent of 
growth rate (Nilsson et ai., 1984). The levels of both B- 
lactamase and tryptophanase are higher at lower growth 
rate indicating that any effect of mRNA stability on 
levels of these proteins has been counteracted by an 
opposite effect on their concentration. This effect is 
probably copy number increase at the lower dilution rate 
as indicated by modelling.
As discussed in section 1.lie the relationship of growth 
rate on protein translation is a positive correlation. 
For 5-lactamase and tryptophanase the oposite correlation 
is seen, probably due to copy number increase at the 
lower dilution rates.
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SECTION 11 
FINAL DISCUSSION
The study performed here was on plasmid instability, and 
therefore the inherently unstable plasmid made as 
described in section 3 was used. The plasmid construct, 
pFClO, was effective for the study purpose. Greater 
stability would have required longer fermentation times 
in continuous culture.
Methods for the measurement of substrate affinity have 
been discussed in section 5. The method of Button (1969) 
is prone to technical problems as described on pages 150 
and 151. Variations in dilution rate may be a substantial 
source of error. Therefore a large number of data points, 
with linear regression analysis, are required (figure
5.1, page 144). Another possible method for Ks 
determination is by measuring residual substrate 
concentration in chemostat culture. As discussed on pages 
142 and 153 the glucose measurement is likely to be 
subject to error, glucose would be taken up by cells 
during sampling, and also preferentially by the low 
number of P” cells in the fermenter. The problem of 
sampling may have been overcome by the rapid fitration 
method used here. Alternatively, direct methods could be 
used such as the oxygen or ammonia electrode when 
measuring Ks for these substrates. The methods developed 
here, using batch culture, avoids these problems and may 
therefore represent the best way ahead for measuring Ks 
of plasmid containing cells experimentally. This thesis 
has also brought attention to postulated Ks variation at 
different growth rates due to copy number change.
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This work has highlighted the fact that plasmid 
instability can be caused by expression of plasmid genes 
at levels which lower the growth rate of the host cell. 
This results in a decrease in the competitiveness of the 
plasmid containing cells when in a mixed culture 
situation with plasmid free cells.
By utilising the Monod relationship in a mathematical 
model it was possible to show that the different 
substrate affinity values for glucose of P"^  and P” cells 
is an important factor in the competition between P"^  and 
P” cells in continuous culture. The importance of 
substrate affinity on plasmid stability has not been 
previously demonstrated.
This study shows how instability of a plasmid is closely 
related to the plasmid copy number. For the plasmid 
studied here, pFClO, there is a relatively high plasmid 
gene expression level. Consequently there is a 
measurable effect of plasmid carriage on maximum specific 
growth rate and substrate affinity for glucose. Small 
changes in copy number resulting from variation in 
dilution rate, as indicated by the mathematical model, 
have a dramatic effect on plasmid stability. This 
instability was shown to be due to product expression. 
Product expression levels positively correlate with copy 
number and do not appear to be affected, in overall 
trend, by growth rate changes.
Some plasmids, such as pHSG415 have been reported to be 
unstable due to segregation rate rather than due to high
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levels of plasmid gene expression. This would be expected 
for pHSG415 which does not contain a cloned gene under 
the control of a strong promoter or an uninduced but 
leaky promoter. pFClO and pMG169 do express cloned genes 
due to leaky promoters. Therefore growth rate difference 
is the overiding cause of instability. For plasmids 
without a par sequence and moderate gene expression the 
optimum copy number for stability would be a delicate 
balance. For example decreasing copy number would, on the 
one hand reduce plasmid gene expression, and on the other 
encourage segregational loss of plasmids.
Modelling studies help to identify the relative 
importance of the components of stability as discussed on 
in section 8, pages 211 and 212. For plasmid pFClO, 
growth rate difference between and P” cells was shown 
to be a more important factor than segregational loss in 
determining overall culture instability. Modelling also 
helped to identify the importance of plasmid copy number, 
and of plasmid gene expression using data from section 
10.
Plasmids employing both the lac or tac promoters for 
cloned gene expression have been developed and widely 
studied. This work could be more efficiently capitalised 
on if such plasmids were made stable in their uninduced 
state. In this way a large volume of plasmid containing 
biomass could be grown up, eg in continuous culture, 
prior to induction and product expression. The study 
here has pointed to the probability that the instability 
of pFClO is due to inefficient translation of the l a d  
mRNA. This could be improved by substitution of the AU
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pair of bases proximal to the GUG start codon. 
Theoretically this would prevent initiation in the wrong 
frame and increase l a d  repressor concentration.
Further studies to this thesis would be recommended in 
the testing of the hypothesis outlined in the paragraph 
above. The AUGUG sequence would be replaced with AUG by 
insertion of a synthetic oligonucleotide or mutation. The 
lacl^ gene of pFClO would be replaced with this lad^ 
gene postulated to be more efficiently expressed. Gene 
expression directed from tac (in different inducer 
concentrations) would indicate the lacl^ expression 
efficiency if compared to duplicate experiments with the 
original (pFClO). Furthermore, studies in uninduced 
chemostat culture would be indicative of the improved 
stability postulated. This improvement is required for 
the widely used tac, and l a d expression vector systems. 
Alternatively, in place of the lacl^ gene, the stable 
l a d  mutant capable of producing 50 to 100 times more 
repressor than the wild type might be used (Muller-Hill 
et al., 1975) (see section 1.3d page 13).
As described in section 1.6c a stable host / plasmid 
system was developed by Bouma and Lenski (1988). They 
maintained pACYC184 for 500 generations under antibiotic 
selection. The plasmid was then shown to increase the 
fitness of its host even without antibiotic. It would be 
a useful study to develop the pFClO / API system using 
the same method. Stability would then be tested in 
chemostat culture and Monod kinetics and copy number 
determined using the mathematical model developed here.
271
This may help to identify the factors involved in 
stabilising the host / plasmid system.
The growth medium employed here was carbon (glucose) 
limited. This provided a consistent medium for growth 
while other factors such as dilution rate were altered. 
Further studies with different nutrient limitations (eg 
nitrogen and phosphate) may provide valuable insight 
into the specific effects of each nutrient limitation on 
plasmid stability. As discussed in section 1.9b the 
effects of nutrient limitations are usually plasmid 
specific, stability of a particular plasmid (and host) is 
often affected differently. It is possible this is due to 
different effects on segregation rate, Ks.
Modelling studies would indicate the different effects of 
nutrient limitations on parameters affecting plasmid 
stability. This is another example of how the model 
developed here can be put to use to address the current 
questions and developments in the study of plasmid 
instability and plasmid gene expression in E. coli.
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APPENDIX 1
GLUCOSE ASSAYS
1. The Phenol Method
One of the earliest methods used for measurement of 
glucose was the phenol-sulphuric method (Herbert et al,, 
1971). However the test is non-specific, reacting with 
many sugars and derivatives, including cell wall and 
nucleic acid components.
GLUCOSE OXIDASE METHODS
Many modern methods employ glucose oxidase (GOD) and 
peroxidase (POD), coupled with a colour reagent. The 
tests are glucose specific and were developed principally 
for serum testing (Boehringer Corporation Ltd).
1. GOD-Perid Method. Test Principle (Werner et al.,
1970):
GOD
glucose + Og + HgO  > gluconate + H2O2
POD
H2O2 + ABTS --- -— -— > coloured complex + H^O
Colour intensity is measured at 610nm.
2. GOD-PAP Method. Test principle (Trinder, 1969):
GOD
glucose + O2 + H2O  > gluconate + H2O2
POD
^2^2 t Phenol --- —  > coloured complex + H2O
Colour intensity is measured at SlOnm.
Components of the fermenter samples inhibited the GOD- 
Perid reaction or degraded the coloured complex,
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leading to low results. This interference was 
demonstrated by the following experiment: a set of
standard glucose concentrations were made in (A) 
deionised water; (B) a filtered fermenter broth sample 
from the chemostat experiment at D = 0.423H“ .^ Glucose 
concentrations were measured by the GOD-Perid method. 
Figure Al.l shows a plot of absorbance versus glucose 
concentration. Absorbance is considerably reduced where 
fermenter sample has been used to make the dilution 
series. The GOD-Perid method is therefore not suitable 
for these samples.
Figure Al.1
Glucose GOD-Perid Assay
CD 610 nm
0.3
0.25
solution In water
0.2
solution In broth
0.15
0.1
0.05
20 40 60
jLig/ml g lucose
80 100
The GOD-PAP test kit was tested for interference by the 
same method. Results are presented in figure A1.2.
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virtually no interference was detected 
Figure Al.2
Glucose GOD-PAP Assay
OD 510nm
0.35
0.3
solution in water
0.25
solution in broth
0.2
0.15
0.1
0.05
0 20 40 60 80 120100
jug/ml glucose
The low concentration of glucose in chemostat samples 
resulted in very low absorbance readings for the GOD-PAP 
method, in the region of 0.010 units for a sample 
containing 3.3/xg/ml glucose. A change of 1 absorbance 
unit leads to a 10% error. The sensitivity was increased 
and the more sensitive modification of the method was as 
follows:
The reagent mixture was made up to a concentration four 
times the recommended strength. 0.25ml of this high 
strength reagent was mixed with 1ml of sample and the 
colour allowed to develop in the normal way before 
readings were taken. The concentration of sample in the 
absorbing solution was 8.8 times more than in the 
standard method. Concentration standards were made in the
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same way. An example of the results comparing the two 
procedures is shown in table Al.l.
Table Al.l GOD-PAP Method
Method Absorbance at 510 nm. calculated
(1) (2) (mean) glucose cone
(Mg/ml)
Standard 0.008 0.013 0.0105 3.39
Sensitive 0.110 0.114 0.1120 4.21
There was less deviation between duplicate tubes in the 
sensitive method.
The GOD-PAP sensitive method was used to measure residual 
glucose levels (s') as shown in figure 5.7, page 156.
The standard GOD-PAP method was used to measure glucose 
in batch fermentations. However deviations occurred when 
samples were retested indicating unreliability when 
glucose was at high original concentration (10 to 1 g/1) 
(see page 165). Assay at high glucose concentration 
required dilution in volumetric flasks. An investigation 
indicated that there was no glassware contamination by 
glucose which was at first suspected. Due to problems of 
reliability with the glucose assays employed it was 
decided to use the known yield factor to calculate the 
glucose c on centration for use in Ks determinations 
(figures 6.3, 6.7 and Appendix 3). In this method the
yield factor of 0.42g of biomass per gram of glucose 
consumed was used to calculate glucose concentration (see 
next page. Appendix 2.
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APPENDIX 2
Yield
The yields of biomass per gram glucose were calculated 
from dry weights performed as in methods section 2.2.3e. 
The values obtained were 0.4247g biomass/g glucose for P“ 
cells, and 0. 4 2 4 Og biomass/g glucose for P*^  cells. 
Measurements were made from batch culture samples.
Drv weight vs OD^qq calibration.
For P"^  cells without IPTG addition a separate batch 
fermentation was used. For batch fermentations with IPTG, 
samples were taken for dry weight measurement from the Ks 
and experiment fermentations (section 7). The
results are shown in figure A2.1. Linear regression 
analysis of the OM IPTG line gave the following equation:
^^600 0.114
Dry weight (gms) =   correlation
2.83 coefficient = 0.998
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F ig u r e  A 2 .1
OD 600nm
O D  600 VS DRY WEIGHT 
CALIBRATION
14
10
543210
DRY WEIGHT Grams per Litre 
0 uM IPTG 10 uM IPTG - a -  30 uM IPTG
The calibration for IPTG addition was very similar as 
shown so the same equation was used for biomass 
determination. The P“ cells were also calibrated in the 
same way. The calibration equation from linear regression 
is :
Dry weight (gms)
ODsoo - 0.038 
2.91
correlation 
coefficient = 0.997
The different equations probably reflect only some slight 
experimental deviation. However this equation was used 
for all P~ cell fermentations. The calibration line graph 
is not shown.
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APPENDIX 3
PROGRAM OUTPUT FROM &
Ks DETERMINATION
306
" P o ly  4 "  o u t p u t  f o r  P"  ^ c e l l s  5uM IPTG
POLYNOMIAL COEFFICIENTS IN V»A(0)*X+A<1)*X+ETC. ARE
Y— l.32499607xX'^0 +1.02223701 xX^ 'l +-0.256087893xX''2 +2.29388199E-2xX^3
X Y Ycal
2.58 0.02 0.00
3.08 0.05 0.06
3.58 0.08 0. 10
4.08 0. 13 0. 14
4.42 0. 17 0. 17
4.75 0.23 0.21
5.08 0.28 0.27
5.42 0.36 0.34
5.75 0.46 0.45
6.08 0.59 0.58
6.42 0.74 0.75
6.75 0.94 0.96
7.08 1.21 1.22
7.42 1.49 1.53
7.75 1.88 1.89
8.08 2.33 2.32
8.42 2.91 2.82
8.72 3.27 3.33
STANDARD DEVIATION -0.01
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/1)
B
I
0 
M 
A 
S 
S
g
/
1
# OF P0LV«4
6
2
8
4
6
2
8
4
—T--------------- 1--------------------------# ------ IT   — I-----------------1 I I » •
8..^f 1.744 2.616 3.488 4.36 5.232 6.184 6.976 7.848 8.72
TIME (HOURS)
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"R a te  1" o u t p u t  f o r  P"  ^ c e l l s . 5uM IPTG
2nd NUMBER?1.02223701 
3rd NUMBER?-.256087893 
4th NUM BER?.029388199
DIFFERENTIATED CONSTANTS ARE s
1.02223701
-0.512175786
6.88164597E-2
TIME BIOMASS GROWTH RATE
1th POINT 
TIME=?2.58 
BI0MASS=?.0233
2.58 2.33E-2
3.08 5.02E-2
3.58 7.81E-2
4.08 0.1269
4.42 0.1721
4.75 0.2258
5.08 0.283
5.42 0.3581
5.75 0.4624
6.08 0.594
6.42 0.7433
6.75 0.942
7.08 1.2124
7.42 1.4889
7.75 1.8758
8.08 2.3343
8.42 2.967
8.72 3.2724
8.92 3.8184
9.08 4.2848
6.81945769
1.94334765
0.904314596
0.615493439
0.59759395
0.629200168
0.693601067
0.747903089
0.762263059
0.761119538
0.76743602
0.743630998
0.697421502
0.678809329
0.632350613
0.589742351
O.535408205
0.546619497
0.505213429
0.477350223
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" N o n - l i n "  o u t p u t  f o r  P"  ^ c e l l s . 5uM IPTG
DATA SET: P+5
SET CONTAINS 9 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
8.2303 0.7674
7.757 0.7436
7.1134 0.6974
6.4551 0.6788
5.5338 0.6324
4.4422 0.5897
3.0793 0.5354
2.2085 0.5466
0.9086 0.5052
PROVISIONAL ESTIMATE OF KM=0.577 
PROVISIONAL ESTIMATE OF VMAX = 0.751
FINAL KM= 0.629 
STANDARD ERROR = 0.235 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.743 
STANDARD ERROR = 4.32E-2 
WITH 7 DEGREES OF FREEDOM
(in this program VMAX = f^ max)
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Mmax determination. P"^  cells, 5uM IPTG 
Data points and Poweraraph input and output
Time (hours) Drv Weight (g/1) Data points input
2.58 0.0233
3.08 0.0502
3.58 0.0781
4.08 0.1269
4.42 0.1721 *
4.75 0.2258 *
5.08 0.2830 *
5.42 0.3581 *
5.75 0.4624 *
6.08 0.5940 *
6.42 0.7433 *
6.75 0.9420 *
7.08 1.2124 *
7.42 1.4889 *
7.75 1.8758 *
8.08 2.3343 *
8.42 2.9067
8.72 3.2724
8.92 3.8184
9.08 4.2848
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line (Powergraph program) on the next page 
(marked * above):
Y = 0.7117 * X - 4.875 
Gradient = 0.7117 
Y-axis intercept = -4.875 
X-axis intercept = 6.849 
Correlation coefficient = 0.9998
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
The data point at 4.08 hours on the plot for P"^  cells,
5fiM IPTG and the points below show divergence from the
straight line. The divergence is on the opposite side to 
the dotted line than that which would be expected for a 
plot of untransformed data (biomass vs time). The type of 
divergence is due to In values of very small numbers. The 
divergence is more marked on the plot for P"^ , lO^M IPTG, 
where a very low In biomass value is plotted (page 317) . 
When the untransformed data is plotted the relationship 
of biomass vs time is the typical sigmoidal growth curve 
in each case (eg for P"^ cells, fOjuM IPTG, plotted on page 
312)
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P+ cells. 10uM IPTG 
Growth Curve
5
4.5 - 
4 -
3.5 - 
3 -
2.5 - 
2 -
1.5 - 
1 -
0.5 - 
0 -  
0.5^
biomass (g/l)
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
Time (hours)
see page 310 for explanation
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+" P o ly  4 " o u t p u t  f o r  P c e l l s , lOuM IPTG
POLYNOMIAL COEFFICIENTS IN V-A<0)#X+A<1>*X+ETC. ARE
Y=-0.672131558xX^0 +0.6l7516606xX'~l +-0.174275073xX'^2 +1.77064562E-2xX^3
X V Veal
1.67 0.00 -0.04
2.00 0.01 0.01
2.33 0.03 0.04
2.67 0.04 0.07
3.00 0.06 0.09
3.33 0.08 0. 11
3.67 0. 10 0. 12
4.00 0. 14 0. 14
4.33 0. 19 0. 17
4.83 0.27 0.24
5. 17 0.33 0.31
5.50 0.43 0.40
5.83 0.53 0.51
6. 17 0.67 0. 66
6.50 0.90 0.84
6.83 1.04 1.06
7. 17 1.30 1.32
7.50 1.58 1.63
7.83 1.95 1.98
8. 17 2.35 2.40
8.50 2.85 2.86
8.83 3.43 3.38
9. 17 4.01 3.99
STANDARD DEVIATION =0.01
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/l)
B
I
0 
M 
A 
S 
S
g
/
1
# OF POLVM
5
5
5
5
5
0.917 1.834 2.751 3.M8
TIME (HOURS)
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"R a te  1" o u t p u t  f o r  c e l l s , lOuM IPTG
2nd NUMBER?.617516606
3rd NUMBER?-.017420.174275073
4th NUMBER?.0177064562
DIFFERENTIATED CONSTANTS ARE i
0.617516606
-0.348550146
5.311936B6E-2
TIME BIOMASS GROWTH RATE
1th POINT 
TIME=?1.67 
BI0MASS=?.0032
1.67 3.2E-3
2 1.41E-2
2.33 2.51E-2
2.67 4.05E-2
3 5.83E-2
3.33 7.84E-2
3.67 0.1046
4 0.1428
4.33 0.1859
4.83 0.265
5.17 0.3343
5.5 0.4254
5.83 0.5322
6.17 0.67
6.5 0.9014
6.83 1.0357
7.17 1.2989
7.5 1.5799
7.83 1.9527
8.17 2.3519
8.5 2.8466
8.83 3.4314
9.17 4.0092
9.33 4.0516
57.3695217
9.42509139
3.7360361
1.61902181
0.856612103
0.585203908
0.514311989
0.512786554
0.560646606
0.65372015
0.703962437
0.722500478
0.734570017
0.730086771
0.661453273
0.690237736
0.653799652
0.627479584
0.586397819
0.559344078
0.524385143
0.490026681
0.470932117
0.49104708
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+" N o n - l i n "  o u t p u t  f o r  P c e l l s , IQuM IPTG
DATA SET: P+10
SET CONTAINS 11 DATA PAIRS.
SUBSTRATE VELOCITY
CONCENTRATION
8.733 0.7346
8.4048 0.7301
7.8538 0.6615
7.5341 0.6902
6.9073 0.6538
6.2384 0.6275
5.3508 0.5864
4.4001 0.5593
3.2223 0.5244
1.8299 0.49
0.4543 0.4709
PROVISIONAL ESTIMATE OF KM=0.262 
PROVISIONAL ESTIMATE OF VMAX = 0.684
* * * * * * * * * * *
NOT CONVERGING AFTER TEN CYCLES 
FINAL KM= 0.288 
STANDARD ERROR = 0.129 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.668 
STANDARD ERROR = 3.06E-2 
WITH 9 DEGREES OF FREEDOM
(in this program VMAX =
315
determination, cells, lOuM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/l) Data points input
1 . 6 7  0 .0032
2 . 0 0  0 .0 14 1
2 . 3 3  0 .0 2 5 1
2 . 6 7  0 . 04 05
3 . 0 0  0 . 0583
3 .3 3  0 . 0784
3 . 6 7  0 .1 04 6
4 . 0 0  0 .1 42 8  *
4 . 3 3  0 .1 85 9  *
4.83 0 . 2 6 5 0  *
5 . 1 7  0 .3 34 3  *
5 . 5 0  0 .4 25 4  *
5 .8 3  0 .5 32 2  *
6 . 1 7  0 .6 7 00  *
6 . 5 0  0 .9 01 4  *
6 .8 3  1 .0 35 7  *
7 . 1 7  1.2989 *
7 . 5 0  1 . 5722  *
7.83 1 .9527  *
8 . 1 7  2 . 35 19
8 . 5 0  2 . 84 66
8 . 8 3  3.4314
9 . 1 7  4 .0 09 2
9 . 3 3  4 .0 5 1 6
9 . 4 3  4 .1 4 7 0
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * aboye):
Y = 0.6826 * X - 4.628 
Gradient = 0.6826 
Y-axis intercept = -4.628 
X-axis intercept = 6.78 
Correlation coefficient =0.9991
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
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" P o ly  4 " o u t p u t  f o r  P"  ^ c e l l s , 2 0uM IPTG
POLYNOMIAL COEFFICIENTS IN Y=A(0)*X+A(1)*X+ETC. ARE
Y=-6. 14382986E-2xX''0 +0. 193483856xX'~l +-7. 29972B93E-2xX''2 +1.61900471E-2xX'^3 +
X Y Ycal
0.58 0.04 0.03
1.05 0.07 0.08
1.53 0. 10 0. 12
2.08 0. 16 0. 17
2.50 0.23 0.22
3.00 0.31 0.30
3.33 0.39 0.37
3.67 0.48 0.47
4.00 0.60 0.58
4. 17 0.62 0.65
4.50 0.83 0.81
4.92 i . 03 1.05
5.33 1.34 1.35
5.67 1.58 1.64
6.00 1.96 1.97
6.33 2.37 2.34
6.67 2.77 2.79
7.00 3.37 3.27
7.25 3.73 3.67
7.33 3.74 3.81
7.42 4.00 3.97
7.58 4. 19 4.26
STANDARD DEVIATION «0.01
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/l)
g
/
1
B
I
O
M
5
5
5
5
5
0
0 0.758 1.516 2.274 3.032 3.79 4.548 5.306 6.064 6.822 7.58
TIME (HOURS)
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"R a te  IT  o u t p u t  f o r  P"  ^ c e l l s . 20uM IPTG
2nd NUMBER?.193483856 
3rd NUMBER?-.0729972893 
4th NUMBER?.0161900471
DIFFERENTIATED CONSTANTS ARE :
0.193483856
-0.145994579
4.85701413E-2
TIME BIOMASS GROWTH RATE
1th POINT
TIME=?.58 
BIOMASS»?.0438
0.58 4.3BE-2
1.05 6.93E-2
1.53 0.1025
2.08 0.1594
2.5 0.2254
3 0.3138
3.33 0.3926
3.67 0.4792
4 0.6028
4.17 0.6223
4.5 0.8254
4.92 1.0286
5.33 1.3378
5.67 1.5781
6 1.9562
6.33 2.3696
6.67 2.7724
7 3.3678
7.25 3.7336
7.33 3.7389
7.42 4.0039
7.58 4.1947
2.85721452
1.35264256
0.817658483
0.627032571
O.585895264
0.613866768
0.626366146
0.650814125
0.641386533
0.689808442
0.630062532
0.632800698
0.594376618
0.587523738
0.544955256
0.512951683
0.497955625
0.460674247
0.45210821
0.463495643
0.445640803
0.447591107
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+" N o n - l i n "  o u t p u t  f o r  P c e l l s , 20uM IPTG
DATA SET: P+20
SET CONTAINS 10 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
7.5509
6.8147
6.2426
5.3424
4.3581
3.399
1.9813
1.1106
1.0979
0.4669
0.6328
0.5944
0.5875
0.545
0.513
0.498
0.4607
0.4521
0.4635
0.4456
PROVISIONAL ESTIMATE OF K%=0.209 
PROVISIONAL ESTIMATE OF VMAX = 0.585
FINAL KM= 0.218 
STANDARD ERROR = 8.19E-2 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.576 
STANDARD ERROR = 2.46E-2 
WITH 8 DEGREES OF FREEDOM
(in this program VMAX =
320
Mmax determination. P*^ cells. 20uM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/l) Data points input
0. 00 
0. 58
1
1
2
2
3
3
3 .
4 , 
4 , 
4 , 
4 , 
5,
5.
6 . 
6 . 
6 . 
7. 
7 . 
7 , 
7, 
7 .
05
53
08
50
00
33
67
00
17
50
92
33
67
00
33
67
00
25
33
42
58
0.0163 
0.0438 
0.0693 
0.1025 
0.1594 
0.2254 
0.3138 
0.3926 
0.4792 
0.6028 
0.6223 
0.8254 
0286 
3378 
5781 
9562 
3696 
7724 
3678 
7336 
7389 
0039
4.1947
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * aboye):
Y = 0.6227 * X - 3.045 
Gradient = 0.6227 
Y-axis intercept = -3.045 
X-axis intercept = 4.889 
Correlation coefficient = 0.9989
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
321
cr
(û
en
CL
ro
o
l>0
322
+" P o ly  4" o u t p u t  f o r  P c e l l s , 30uM IPTG
POLYNOMIAL COEFFICIENTS IN Y-AC0)*X+A<1)*X+ETC. ARE
Y=0. 117295048xX^0 +0. 111107387xX'^l +-3. 18575789E-2xX^2 +7. 23758765E-3xX '3
X Y Ycal
0.00 0. 14 0. 12
0.50 0. 16 0. 17
1.00 0. 19 0.20
1.50 0.22 0.24
2.00 0.26 0.27
2.50 0.30 0.31
3.00 0.37 0.36
3.50 0.43 0.43
3.83 0.50 0.48
4. 17 0.54 0.55
4.58 0.68 0.65
4.92 0.78 0.75
5.33 0.91 0.90
5.67 1.06 1.04
6.00 1. 19 1.20
6.33 1.39 1.38
6.67 1.55 1.59
7.00 1.74 1.82
7.33 2.09 2.07
7.67 2.40 2.36
8.00 2.67 2.67
8.33 3.01 3.02
8.67 3.38 3.40
8.92 3.74 3.71
STANDARD DEVIATION =0.01
X = X-axis data =
Y = Y-axis data =
4
3.6
B 3.2
I 2.8
o
M 2.4
A 
S 
S
2
1.6
1.2
0.8
8.4
.-y.—'-'ÿ ÿ
e 8.892 1.784 2.676 3.568 4.46 5.352 6.244 7.136 8.828 8.92
TIME (HOURS)
323
+"R a te  1" o u tp u t  f o r  P c e l l s . 30uM IPTG
2nd NUMBER?.111107387 
3rd NUMBER?-.0318575789 
4th NUMBER?.00723758765
DIFFERENTIATED CONSTANTS ARE i
0.111107387 
-6.37151578E-2 
2 . 1712763E-2
TIME BIOMASS GROWTH RATE
0 0.1436 0.773728322
0.5 0.1605 0.527588778
1 0.1904 0.362946387
1.5 0.2179 0.29549503
2 0.255 0.276580875
2.5 0.2971 0.294595291
3 0.3658 0.315409459
3.5 0.4268 0.361025494
3.83 0.5024 0.369388298
4. 17 0.5411 0.412079547
4.58 0.6777 0.405411783
4.92 0.7808 0.413955732
5.33 0.9131 0.425299865
5.67 1.05^1 0.422891027
6 1.1931 0. 427856765
6.33 1.3856 0.417001274
6.67 1.5522 0.420116109
7 1.7412 0.41869209
7.33 2.09 0.387884282
7.67 2.3959 0.375537413
8 2.6708 0.371050978
8.33 3.011 0.361004603
8.67 3.3753 0.352804633
8.92 3.7447 0.339246018
9.08 3.8529 0.343303198
9.22 3.8478 0.355897102
324
" N o n - l i n "  o u t p u t  f o r  c e l l s , 3QuM IPTG
DATA SET: P+30
SET CONTAINS 8 DATA PAIRS.
SUBSTRATE VELOCITY
CONCENTRATION
6.3042 0.4201
5.8542 0.4187
5.0237 0.3879
4.2955 0.3755
3.641 0.3711
2.831 0.361
1.9637 0.3528
1.0841 0.3392
PROVISIONAL ESTIMATE OF KM=0.317 
PROVISIONAL ESTIMATE OF VMAX = 0.4 21
* * * * * * * * * * *
FINAL KM= 0.314 
STANDARD ERROR = 0.103 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.418 
STANDARD ERROR = 1.4E-2 
WITH 6 DEGREES OF FREEDOM
(in this program VMAX =
325
H-tnax determination. cells. 30uM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/l) Data points input
0.00 0.1436
0.50 0.1605
1.00 0.1904
1.50 0.2179
2.00 0.2550
2.50 0.2971
3.00 0.3658 *
3.50 0.4268 *
3.83 0.5024 *
4.17 0.5411 *
4.58 0.6777 *
4.92 0.7808 *
5.33 0.9131 *
5.67 1.0591 *
6.00 1.1931 *
6.33 1.3856 *
6.67 1.5522 *
7.00 1.7412 *
7.33 2.0900 *
7.67 2.3959 *
8.00 2.6708 *
8.33 3.0110 *
8.67 3.3753 *
8.92 3.7447 *
9.08 3.8529
9.22 3.8478
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * aboye):
Y = 0.4004 * X - 2.228 
Gradient = 0.4 004 
Y-axis intercept = -2.228 
X-axis intercept = 5.565 
Correlation coefficient = 0.9995
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
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" P o ly  121 o u t p u t  f o r  P c e l l s . 5uM IPTG
POLYNOMIAL COEFFICIENTS IN Y=A(0)*X+A(1)*X+ETC. ARE ^
Y=-6. 95341537xX^0 +3.90603591 xX'^ i +-0. 724346453xX^2 +4. 56905931E-/xX' 3 +
X Y Ycal
3.92 0.05 -0.02
4.25 0.07 0.07
4.58 0.09 0. 13
4.92 0. 11 0. 17
5.25 0. 15 0.20
5.58 0.21 0.23
5.92 0.28 0.26
6.25 0.36 0.32
6.58 0.47 0.40
6.92 0.58 0.53
7.25 0.74 0. 70
7.58 0.97 0.94
7.92 1.23 1.25
8.25 1.53 1.63
8.58 2.08 2. 10
8.92 2.60 2.68
9. 17 3. 19 3. 19
9.42 3.83 3.76
9.58 4. 17 4. 16
STANDARD DEVIATION -0.0I
X — X-axis data = time (hours)
Y = Y-axis data = biomass (g/l)
I
0
M
A
S
S
g
/
1
.5
5
2.5
5
5
0.958 1.916 W M 3.832 4.79
TIME (HOURS)
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"R a te  1" o u t p u t  f o r  P“  c e l l s . 5uM IPTG
2nd NUMBER73.90603591 
3rd NUMBER?-.0.724346453 
4th NUMBER?.040.0456905931
DIFFERENTIATED CONSTANTS ARE :
3.90603591
-1.44869291
0.137071779
TIME BIOMASS GROWTH RATE
3.92
4.25
4.58
4.92
5.25
5.58
5.92
6.25
6.58
6.92
7.25
7.58
7.92
8.25
8.58
8.92 
9. 17 
9 . 42
9.58
5.03E-2 
6.6E-2 
8.69E-2 
0 . 112 
O . 1471 
0.2069 
O.2808 
0.3572 
0.4706 
0.578 
0.7412 
0.9663 
1.2258 
1.5265 
2.0797 
2.6021 
3.1931 
3.8323 
4.1725
6.62941369 
3.40833444
1.6834853 
0.861438665 
0.533236369 
0.436207061 
0.475948395 
0.576908249 
0.655229856 
0.769818424 
0.820085994 
0.828515637 
0.840599893 
0.840987496 
0.753465263 
0.726337654 
0.672618179 
0.632154312 
0.624928056
329
" N o n - l i n "  o u t p u t  f o r  P c e l l s . 5uM IPTG
DATA SET: P-5
SET CONTAINS 6 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
6.3656 0.841
5.0483 0.7535
3.8046 0.7263
2.3973 0.6726
0.8755 0.6322
6.55E-2 0.6249
PROVISIONAL ESTIMATE OF KM=1.42E-2 
PROVISIONAL ESTIMATE OF VMAX = 0.751
* * * * * * * * * *
FINAL KM= 1.23E-2 
STANDARD ERROR = 1.13E-2 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.731 
STANDARD ERROR = 3.62E-2 
WITH 4 DEGREES OF FREEDOM
(in this program VMAX =
330
Mmax determination, P cells. 5uM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/l) Data points input
2.42 0.0100
3.00 0.0206
3.58 0.0357
3.92 0.0503 *
4.25 0.0660 *
4.58 0.0869 *
4.92 0.1120 *
5.25 0.1471 *
5.58 0.2069 *
5.92 0.2808 *
6.25 0.3572 *
6.58 0.4706 *
6.92 0.5780 *
7.25 0.7412 *
7.58 0.9663 *
7.92 1.2258 *
8.25 1.5265 *
8.58 2.0797 *
8.92 2.6021 *
9.17 3.1931 *
9.42 3.8323
9.58 4.1725
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * above):
Y = 0.7874 * X - 6.021 
Gradient = 0.7874 
Y-axis intercept = -6.021 
X-axis intercept = 7.646 
Correlation coefficient = 0.9993
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
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" P o ly  4 "  o u t p u t  f o r  P c e l l s . lOuM IPTG
POLYNOMIAL COEFFICIENTS IN V»A<0)*X+A<1)*X+ETC. ARE
Y=-0.789432286xX^0 +0.953526224xX^I +-0.32499486xX^2 +3.75619518E-2xX^3
X V Ycal
1.17 0.03 —0.06
2.00 0.06 0. 12
2.33 0.07 0. 14
2.Ê7 0.09 0. 15
3.00 0. 12 0. 16
3.33 0. 17 0. 17
3.67 0.22 0. 19
4.00 0.28 0.23
4.33 0.35 0.30
4.67 0.47 0.40
5.00 0.60 0.55
5.33 0.79 0.75
5.67 1.02 1.02
6.00 1.33 1.35
6.33 1.65 1.75
6.67 2. 12 2.26
6.92 2.63 2.69
7. 17 3.22 3. 19
7.42 3.75 3.74
7.58 4.20 4. 12
7.75 4.59 4.56
STANDARD DEVIATION =0.01
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/l)
B
I  3. 
O
M 3
A 
S 
S
2 .
# OF POLV-4
5
5
5
5
6.975 7.753.875775
TIME (HOURS)
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"R a te  1" o u tp u t  f o r  P c e l l s . lOwM IPTG
2nd NUMBER?.0.953526224 
3r d NUMBER7-0.32499486 
4th NUMBER?*:). 0375619519
DIFFERENTIATED CONSTANTS ARE i
0.953526224
-0.64998972
0.112685856
TIME BIOMASS GROWTH RATE
1. 17
2
2.33
2.67
3
3.33
3.67
4
4.33
4.67
5
5.33
5.67
6
6.33
6.67 
6.92 
7. 17 
7.42 
7.58 
7.75
2.92E-2 
5.7E-2 
7.22E-2 
9.35E-2 
O . 1227 
O . 1656 
0.2198 
0.2825 
0.3495 
0.4672 
0.5995 
0.7945 
1.0247 
1.334 
1.6519 
2.1244 
2.6296 
3.2172 
3.7498 
4.1983 
4.59
11.8936274
1.82965275
0.703745413
0.228661698
0.144496868
0.233228514
0.390438916
0.554127559
0.720476614
0.803999978
0.868597193
0.86892665
0.869338167
0.832292887
0.819837509
0.767917793
0.704182128
0.648438337
0.622614552
0.595747742
0.584814837
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" N o n - l i n "  o u t p u t  f o r  P c e l l s , lOuM IPTG
DATA SET: P-10
SET CONTAINS 8 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
7.5601 0.8693
6.8238 0.8323
6.0669 0.8198
4.9419 0.7679
3.7392 0.7042
2.34 0.6484
1.0718 0.6226
4.1E-3 0.5957
PROVISIONAL ESTIMATE OF KM=1.29E-3 
PROVISIONAL ESTIMATE OF VMAX = 0.782
NOT CONVERGING AFTER TEN CYCLES 
FINAL KM= 1.08E-3 
STANDARD ERROR = 9.35E-4 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.752 
STANDARD ERROR = 3.61E-2 
WITH 6 DEGREES OF FREEDOM
(in this program VMAX =
335
Mmax d e t e r m i n a t i o n , P“  c e l l s , lOuM IPTG
Data points and Powerqraph input and output
Time (hours) Dry Weight (g/1) Data points input
17
00
33
67
00
33
67
00
33
67
00
33
67
00
33
67
92
7. 17 
7.42
7.58 
7.75
9.58
0.0292 
0.0570 
0.0722 
0.0935 
0.1227 
0.1656 
0.2198 
0.2825 
0.3495 
0.4672 
0.5995 
0.7945 
1.0247 
3340 
6519 
1244 
6296 
2172 
7498 
1983 
5900
4.1725
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * above):
Y = 0.7809 * X - 4.42 
Gradient = 0.7809 
Y-axis intercept = -4.42 
X-axis intercept = 5.661 
Correlation coefficient =0.9998
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
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" P o ly  4 "  o u t p u t  f o r  P”  c e l l s , 2 0uM IPTG
POLYNOMIAL COEFFICIENTS IN Y=A(0)*X+A(1)*X+ETC. ARE
Y=-0. 280546433xX''0 +0.603206519xX''I +-0.252859824xX'^ 2 +3.53070733E-2xX' •3 +
X Y Ycal
0.67 0.08 0.02
1.08 0.08 0. 12
2.42 0. 12 0.20
2.75 0. 15 0.20
3.08 0.21 0.21
3.42 0.26 0.24
3.75 0.32 0.29
4.08 0.42 0.37
4.42 0.53 0.49
4.75 0.70 0.66
5.08 0.96 0.89
5.42 1.17 1. 18
5.75 1.50 1.54
6.08 1.88 1.98
6.42 2.43 2.51
6.67 2.96 2.97
6.92 3.50 3.48
7. 12 3.91 3.94
7.27 4.40 4.31
STANDARD DEVIATION =0.01
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/1)
B
I
O
M
A
S
S 2
g 
/ 1
5
5
5
5
5
0.727 1.454 2.181 2.908 3.635 4.362 5.089 5.816 6.543 7.27
TIME (HOURS)
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"R a te  1" o u t p u t  f o r  P~ c e l l s . 20wM IPTG
2nd NUMBER?.603206519 
3rd NUMBER?-.0.252859824 
4th NUMBER70.0353070733
DIFFERENTIATED CONSTANTS ARE :
0.603206519
-0.505719648
0.10592122
TIME BIOMASS GROWTH RATE
0.67 
1.08
2.42
2.75
3.08
3.42
3.75
4.08
4.42
4.75
5.08
5.42
5.75
6.08
6.42 
6.67 
6.92 
7. 12 
7.27 
7.38
7.BE-2 
8 . 14E-2 
O . 1227 
0.1498 
0.2103 
0.2558 
0.3211 
0.4242 
0.5342 
0.6974 
0.9595 
1.1725 
1.5024' 
1.8804 
2.4302 
2.9595 
3.5024 
3.9148 
4.4045 
4.5746
3.99900501
2.21837605
-2.59166123E-3
9.01649692E-2
0.239662692
0.439961998
0.611258156
0.714468057
0.818504295
0.84726945
0.799995911
0.830524649
0.796950796
0.76789898
0.708656796
0.656318644
0.621234713
0.60593014
0.573247434
0.577084599
3 39
" N o n - l i n "  o u t p u t  f o r  P*" c e l l s . 20uM IPTG
DATA SET: P-20
SET CONTAINS 7 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
7.2083 0.8305
6.4228 0.797
5.5228 0.7679
4.2137 0.7087
2.9537 0.6563
1.6609 0.6212
0.6791 0.6059
PROVISIONAL ESTIMATE OF KM=0.278 
PROVISIONAL ESTIMATE OF VMAX = 0.804
* * * *
FINAL KM= 0.29 
STANDARD ERROR = 0.12 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.795 
STANDARD ERROR = 3.84E-2 
WITH 5 DEGREES OF FREEDOM
(in this program VMAX =
340
Mniax determination, P“ cells, 2 0uM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/1) Data points input
0.67 0.0780
1.08 0.0814
2.42 0.1227 *
2.75 0.1498 *
3.08 0.2103 *
3.42 0.2558 *
3.75 0.3211 *
4.08 0.4242 *
4.42 0.5342 *
4.75 0.6974 *
5.08 0.9595 *
5.42 1.1725 *
5.75 1.5024 *
6.08 1.8804 *
6.42 2.4302 *
6.67 2.9595 *
6.92 3.5024 *
7.12 3.9148
7.27 4.4045
7.38 4.5746
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * above);
Y = 0.7506 * X - 3.921 
Gradient = 0.7506 
Y-axis intercept = -3.921 
X-axis intercept = 5.224 
Correlation coefficient =0.9997
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
341
cr
CÛ
r o
CL
G)
D
hOr-t-
CD
342
" P o lv  4 "  o u t p u t  f o r  P”  c e l l s , 3 0uM IPTG
POLYNOMIAL COEFFICIENTS IN V-A<0)*X+A<1)*X+ETC. ARE
Y=-0. 489926341 xX'^ O +0.7589B6B04xX''l +-0.293743687xX'^ 2 +3.83098918E-2xX'^3 +
X V Ycal
0.67 0.01 -0. 10
1.42 0.04 0. 11
1.75 0.06 0. 14
2.08 0.08 0. 16
2.58 0. 13 0. 17
2.83 0. 16 0. 17
3. 17 0.21 0. IB
3.50 0.26 0.21
3.83 0.34 0.26
4. 17 0.42 0.35
4.50 0.54 0.47
4.83 0.69 0.64
5. 17 0.90 0.88
5.50 1. 14 1. 17
5.83 1.44 1.54
6. 17 1.87 2.01
6.50 2.50 2.55
6.83 3.08 3.20
7.08 3.99 3.76
STANDARD DEVIATION
X = X-axis data = time (hours)
Y = Y-axis data = biomass (g/1)
B
I
0 
M 
A 
S 
S
g
/
1
# OF P0LV«4
6
2
8
4
6
2
.8
4
0.708 1.416 2.124 2.832 3.54
TIME (HOURS)
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“ R a te  1 “ o u t p u t  f o r  P“  c e l l s . 30uM IPTG
2nd NUMBER70.758986804 
3rd NUMBER7-0.293743687 
4th NUMBER70.0383098918
DIFFERENTIATED CONSTANTS ARE :
0.758986804
-0.587487374
0.114929675
TIME BIOMASS GROWTH RATE
0.67
1.42 
1.75 
2.08 
2.58
2.83
3. 17
3.5
3.83
4. 17
4.5
4.83
5. 17
5.5
5.83
6. 17
6.5
6.83 
7.08 
7.25
7.42
8.9E-3 
4.09E-2 
5.95E-2 
8.49E-2 
O . 1254 
0.1619 
0.2134 
0.2598 
0.3392 
0.4182 
0.5436 
0.6923 
0.901 
1.1416 
1.4371 
1.8718 
2.4973 
3.0814 
3.9921 
4.2189 
4.5385
46.8496848
3.82637972
1.39253832
0.403354698
6.60866852E-2
O . 104124849
0.241652499
0.42597967
0.574298577
0.735688873
0.814237579
0.870440114
0.880822288
0.879843138
0.863035737
0.806408818
0.719215817
0.684036793
0.591314615
0.602217262
0.600957292
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" N o n -1 in "  o u t p u t  f o r  P c e l l s . 3QuM IPTG
DATA SET: P-30
SET CONTAINS 7 DATA PAIRS
SUBSTRATE VELOCITY
CONCENTRATION
7.8547 0.8808
7.282 0.8798
6.5783 0.863
5.5433 0.8064
4.0542 0.7192
2.6632 0.684
0.495 0.5913
PROVISIONAL ESTIMATE OF KM=0.259 
PROVISIONAL ESTIMATE OF VMAX = 0.867
■k h * * * * k * k k k
FINAL KM= 0.261 
STANDARD ERROR = 0.111 
WITH 0 DEGREES OF FREEDOM
FINAL VMAX = 0.853 
STANDARD ERROR = 3.88E-2 
WITH 5 DEGREES OF FREEDOM
(in this program VMAX =
345
determination, P cells. 30uM IPTG 
Data points and Powergraph input and output
Time (hours) Dry Weight (g/1) Data points input
0.67 0.0089
1.42 0.0409
1.75 0.0595
2.08 0.0849
2.58 0.1254
2.83 0.1619 *
3.17 0.2134 *
3.50 0.2598 *
3.83 0.3392 *
4.17 0.4182 *
4.50 0.5436 *
4.83 0.6923 *
5.17 0.9010 *
5.50 1.1416 *
5.83 1.4371 *
6.17 1.8718 *
6.50 2.4973 *
6.83 3.0814
7.08 3.9921
7.25 4.2189
7.42 4.5385
Data was transformed to In biomass by the program.
Linear regression output for data points joined by the 
continuous line on the next page (Powergraph program) 
(marked * above):
Y = 0.7364 * X - 3.913 
Gradient = 0.73 64 
Y-axis intercept = -3.913 
X-axis intercept =5.313 
Correlation coefficient = 0.9997
The data points not input to linear regression are shown 
on the plot but are not joined by or close to the 
continuous line.
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APPENDIX 4
COMPUTER PROGRAM USED FOR MATHEMATICAL MODELLING OF
PLASMID INSTABILITY
348
Figure A4.1 Computer program in BBC Basic used for 
modelling of plasmid instability
>L.
10TARG=250:1 >=1575/TARG
20MODE0
30VDU5
40*PLTMATE
50VDU5
60@%=&20308
70XP«=.9999*4.2;X«.0001*4.2:KS=.004:UMAX=.79:y=.42:yp=.42;DT=.2;S=10:D=.585;SR 
=10;KSP=.005:UMAXP».745:SEG=.00009 
80FLAG=1 
90REPEAT
100DX=DT*(((UMAX*S*X)/(KS+S))-(D*X))
110DXP=DT*(((UMAXP*S*XP)/(KSP+S))-(D*XP))
120X=X+DX
130XP=XP+DXP
140XS=XP*SEG:XP=XP-XS:X=X+XS 
150 IF X<0 X=0 
160 IF XP<0 XP=0
170DS=-DT*((D*(SR-S))-((UMAX*S»X)/(y*(KS+S)))-((UMAXP»S*XP)/(yP*(KSP+S))))
180S=S-DS
190T=T+DT
200IF FLAG>1 THEN GOTO 240
210MOVE(T*I*0.8 439 766)+10,10+((XP*1000)/(X+XP))
22DFLAG=2 
230 GOTO 250
240DRAW (T*I*0.B439766) + 10,10+((XP*1000)/(X + XP) )
250IF S<0 S=0
260UNTIL T>TARG
270PROCSPOTS
280*HOME
290*OFFMATE
300END
310DEFPROCSPOTS 
320FOR F%=1 TO 41 
330 READ X,y
34 0MOVE(y*I*0.84 39766)-6+10,10+15+(X*1000)
350PRINT"*"
360NEXT
370MOVE0,0:DRAW0,1023:DRAW1379,1023:DRAW1379,0 
380ENDPROC
39ODATA.9991,0,.99 2,12.25,.9823,15.75,.9 802,19.25,.96,22.25,.97,25.75,.97,37.2
5..99.41.25..96, 4 4.75,.9 4, 49 .5, .92,60.75,.87,64.75,.79,69.5,.79,8 4.25,.67,89.25, 
.55,93,.67,99.25,.47,110.25,.57,114.25,.56,119.75, .40,123.25,.38,132.75,. 47,135. 
75
400DATA.30,138.75,.36,143.25,.24,146.75,.25,157.75,.14,160.75,.10,165.25,.13,1
69.5..18.171.25..12.179.75..19.183.75..10.188.75..10.195.75..05.205.5..07.209.75 
,.038,213.25,.0168,218.25,.0209,229.75,.0171,233.5,
410ENDPROC
349
Figure A4.1 continued;
The workings of the model program, referring to figure 
A4.1 are as follows:
Line 10 sets up some constants with arb i t r a r y  n a m e s . 
These constants are present in each program.
Line 2 0 sets mode 0 which allows both graphics and text 
on the same screen.
L i n e s  30 to 60 set o u t p u t  to the p l o t t e r  a n d  k e e p  
calculations within 4 significant figures.
Line 70 defines adjustable parameters:
XP and X = the biomass of and P~ cells respectively
(assuming a yield of 4.2g biomass/ lOg glucose for each 
and a 9999:1 ratio of P"*" to P” cells).
KSP and KS are Ks values of P"*" and P” cells respectively. 
U M A X P  and U M A X  are v a l u e s  of P"*" a n d  P “ c e l l s
respectively,
yp a n d  Y are y i e l d  v a l u e s  of P^ a n d  P~ c e l l s  
respectively.
DT sets all calculations to be made and all line plots to 
be made each 0.2 hour.
S is the original residual glucose concentration.
SR is the feed medium glucose concentration.
Lines 80, 90, 200, 220, 230 and 260 set up a loop for the 
calculations within to be carried out every 0.2 hour 
until time is 250 hours.
Line 100 combines equations (4) and (5) (section 1.11a) 
and calculates the change in X - the biomass of P” cells 
in time DT.
Line 110 equivalent to line 100 but for P"*" cells.
Lines 120 and 130 update the new values of X and XP after
350
DT as calculated by lines 100 and 110.
Line 140 defines segregation rate and updates values of 
XP and X accordingly.
Lines 150, 160 and 250 keep spurious calculations within 
limits for presentation.
Line 170 contains the Powell (1958) equation (equation 
(9), section 1.13a) for substrate balance.
Line 210. These are coordinates for plotting a line for 
the proportion of P“” to total cells. The factor 0.8439766 
converts hours to generations for this dilution rate. 
Other numbers are constant for the programs used and set 
plotting within the graphics screen and within axis.
Lines 280 and 290 switch off the plotter.
Lines 320 to 380 print the experimental data points at 
exactly the same place as the graphics cursor would print 
a line for a calculated result. Hence 340 is similar to 
240. Additional small numbers in 340 align text (data 
point) and graphics (model line) exactly.
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APPENDIX 5
SPREADSHEETS FROM COPY NUMBER DETERMINATION
352
A B C D E F G H
LMPLE PLASMID PLASMID VOL PLASMID ng DNA CHROM CHROM
NO. CPMl(l) CPMK2) uL MEAN per20uL CPMl(l) C P M K  2)
1.0 19220.0 31710.7 20.0 25465.3 26.9511 5249.0 5602.7
2.0 41991.0 52277.7 20.0 47134.3 50.8736 6330.0 5935.3
3.0 28427.0 40031.7 20.0 34229.3 36.6266 5903.0 5233.0
4.0 32504.7 37261.3 20.0 34883.0 37.3482 2891.0 3377.7
5.0 37128.3 35701.0 20.0 36414.7 39.0391 5796.3 5862.0
6.0 27743.7 29504.0 20.0 28623.8 30.4381 3645.0 3816.3
7.0 25763.7 19075.0 20.0 22419.3 23.5884 4194.0 3768.3
8.0 13748.3 17236.7 20.0 15492.5 15.9412 3869.0 3561.0
9.0 10326.7 13379.7 20.0 11853.2 11.9234 3050.0 3286.6
10.0 17036.7 15044.7 40.0 16040.7 8.2732 5210.3 3641.0
11.0 9181.7 11824.3 40.0 10503.0 5.2164 4585.0 4432.0
12.0 11638.7 6744.3 40.0 9191.5 4.4924 2701.7 3116.3
13.0 20842.0 23053.7 15.0 21947.8 30.7571 3706.3 3374.0
14.0 13932.3 18288.3 15.0 16110.3 22.1643 3742.7 4760.0
15.0 27430.3 20943.7 15.0 24187.0 34.0531 3792.7 4009.7
16.0 23156.7 28993.0 30.0 26074.8 18.4160 5436.0 5021.7
17.0 16399.7 17972.0 15.0 17185.8 23.7475 7124.3 7251.7
18.0 8915.0 5106.3 30.0 7010.6 4.3848 2830.7 2879.7
19.0 9900.0 4793.0 30.0 7346.5 4.6320 2069.0 3026.7
20.0 6041.0 6664.7 30.0 6352.9 3.9007 4284.3 3320.0
21.0 37932.7 30957.0 20.0 34444.8 36.8645 10710.3 9603.3
22.0 29848.0 56352.0 20.0 43100.0 46.4197 1744.7 7065.0
23.0 18465.3 13737.7 10.0 16101.5 33.2270 5212.7 3728.7
24.0 27822.3 42123.7 20.0 34973.0 37.4476 3638.0 3706.3
25.0 16950.3 23095.3 10.0 20022.8 41.8852 6102.0 3384.3
26.0 11016.7 13894.0 20.0 12455.4 12.5882 2803.3 4076.7
27.0 5468.3 5908.0 10.0 5688.1 10.2344 3567.3 3652.0
28.0 4522.7 7370.3 20.0 5946.5 5.4024 1890.0 3684.3
29.0 1853.3 4419.0 20.0 3136.2 2.2998 4098.7 4024.0
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1 J K L M N
)L MEAN ngDNA STABIL­ COPY
uL CPMl per20uL ITY NO.
20.0 5425.85 1455.77 8.2281 0.9920 8.29
20.0 6132.65 1652.93 13.6791 0.9800 13.96
20.0 5568.00 1495.43 10.8855 0.9700 11.22
20.0 3134.35 816.58 20.3276 0.9600 21.17
20.0 5829.15 1568.27 11.0636 0.9200 12.03
20.0 3730.65 982.91 13.7632 0.7900 17.42
20.0 3976.15 1051.39 9.9713 0.6700 14.88
20.0 3715.00 978.55 7.2403 0.5600 12.93
20.0 3168.30 826.05 6.4152 0.3600 17.82
20.0 4425.65 1176.78 3.1246 0.1400 22.32
20.0 4508.50 1199.89 1.9322 0.1000 19.32
20.0 2909.00 753.72 2.6490 0.0168 157.68
20.0 3540.15 929.78 14.7023 0.9900 14.85
20.0 4246.35 1126.76 8.7425 0.9960 8.78
20.0 3901.20 1030.49 14.6869 0.9900 14.84
20.0 5228.85 1400.82 5.8429 0.9740 6.00
20.0 7188.00 1947.31 5.4200 0.7700 7.04
20.0 2855.20 738.72 2.6381 0.3400 7.76
20.0 2547.85 652.98 3.1527 0.1100 28.66
20.0 3802.15 1002.86 1.7287 0.0240 72.03
20.0 1.02E4 2775.43 5.9033 0.9960 5.93
20.0 4404.85 1170.98 17.6186 0.9960 17.69
20.0 4470.70 1189.34 12.4165 0.9880 12.57
20.0 3672.15 966.60 17.2185 0.9600 17.94
20.0 4743.15 1265.34 14.7119 0.9290 15.84
20.0 3440.00 901.84 6.2037 0.2300 26.97
20.0 3609.65 949.16 4.7922 0.1000 47.92
20.0 2787.15 719.74 3.3360 0.0600 55.60
20.0 4061.35 1075.16 0.9507 0.0192 49.51
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APPENDIX 6
TC-
Figure A6.1 Some important seguences and regions in 
Plasmid pFCIO
Listed from right to left - corresponding to the 
anticlockwise direction of figure A6.2. See key.
TGTGTAATATGCTCGGCT 
tac -10
3.
pKK(74)
ACTAATTAACAGTTGT 
tac -35 .
2 .
pKK(258)
 >
pKK(l)
 CTT AA
EcoRI tac S-D
4.
gacaaaggacacactttaacaataggcgagtgttaagg
3.
tnaA(505)
I
AAGGTAATGTGTATTAGGAAGTAAATAAAATTAATGTCACTAG 
tnaA start tnaA S-D Sau3AI
5.
tnaA(1955)
AAT------ <
tnaA stop
Hindlll Aval
7. 6. 5.
----- 4-ori---------
+-RNA II
Pvul][ rop-+ RNA I-» Pvul
9. 8. +- B-lactamase
Iac(1724 or 1)
linker Hindlll BamHI
GCGTT 
or 
CACAG
pKK(258) Iac(1724 or 1)
3 * ———CGGGATCCC—————
BamHI EcoRI 
(linker)linker
TTGCG
or
GACAC
11
Figure A6.1 continued:
KEY
pKK = PKK223-3 
tac = tac promoter
S-D = Shine-Dalgarno sequence (region of the ribosome 
binding site (see page 5) 
tna A = tryptophanase gene
l a c = lactose operon numbering (Microgenie, Beckman Ltd) 
ori = origin of plasmid replication 
RNA II, RNA I and rop - see section 1.5a 
tet* = tetracycline resistance gene
numbers correspond to the relevant published sequence 
numbering or to the Microgenie database (Beckman Ltd)
The -35 and -10 regions, and the Shine-Dalgarno sequence 
of the tac promoter are underlined.
The Shine-Dalgarno site, and the translational start and 
stop codons of tnaA are underlined.
Numbered Regions:
1. Right hand part of tac. Fragment of pHGH207-l (de Boer 
et al., 1983). Consists of trp operon sequence 
upstream of the trp -35 promoter region, 185bp.
2. trp sequences (de Boer et al., 1983; Microgenie 
database, Beckman Ltd; Pharmacia Ltd), 16bp.
3. lacUV5 sequences (de Boer et al., 1983; Pharmacia 
Ltd), 55bp.
4. Sau3AI-EcoRI fragment of pIMS1007. pIMS1007 was used 
in the construction of pIMSlOll (M Robinson pers 
comm), approximately 200bp.
5. t naA sequence 505 to 1955 and the preceeding 38bp 
from the regulatory region (includes the t n a A Shine- 
Dalgarno sequence) (Deeley and Yanofsky, 1981),
1451bp.
6. Approximately 500bp of DNA from the distal end of t n a A  
up to a Hindlll site - chromosomal in origin, from 
pMD6 (Deeley and Yanofsky, 1981), see page 109.
7. Transcription terminators of pKK223-3 (rrnB Tj) 
(Pharmacia Ltd) 424bp.
8. B-lactamase gene of pKK223-3.
9. Region between ends of B-lactamase gene and 
tetracycline resistance gene of pKK223-3.
Includes origin of replication.
10.Tetracycline resistance gene. Regions 8, 9 and 10 
total 4216bp.
ll.lacl# gene, 1724bp. The orientation has not been 
determined.
Figure A6.2 Plasmid pFClO
pFCIO 
8775 bp •EcoR ;  
Hind III
Plasmid pFClO was constructed in this study.
Figure A6.3 Plasmid pIMSlOll
pIMSIOH 
6670 bp
Plasmid pIMSlOll was used to construct pFClO by inserting 
the lacl^ gene at the BamHI site.
Figure A6.4 Plasmid PKK223-3
BamHI
Hind III \ J [ fm a I
■£coR I
rniB position 6840
p6R322 position PnB position 
4245
PKK223
Fusion:
PBR322 position 
29 to 375
Reproduced from Pharmacia catalogue (1986). Plasmid 
pKK223-3, an expression plasmid, was used in the 
construction of pIMSlOll by insertion of the 
tryptophanase gene at the MCS.
Figure A6.5 Plasmid pSClOllacJ^
lad**
pSCIOIIacr 
10800 bp
Plasmid pSClOliacT# consists of pSClOl with the lacl^ 
gene cloned in at the EcoRI site. pSClOllacI^ was used as 
the source of the lacl^ gene for construction of pFClO in 
this study.
Figure A6.6 Plasmid PSCIOI
CIO I
BomHI
Soli
Xhol
Pvul
Smol
pSCIOI 
9.09 kb
Hpol
Reproduced from Maniatis at al, (1982). Plasmid pSClOl 
was used in section 3 as a control for restriction enzyme 
digestions.
Figure A6.7 Plasmid PBR322
EcoR l 4361 
Aat n 4284 
Ssp I 4168 
Ear 1 41551 
Eco57 I 404£
Xmn I 3961 
HCncII 3901
Seal 3844
Cla
Hlndin 29
EcoRV 185 
Nhe I 229
BamH I
Ppul 3733
Pstl 3607 
Asel 3537
fisal 3433
HgE II 3054 
Eco57 I 3000
AIu^I 2884
DrdI 2575 
4/1 m  2473
Earl 2351 
Sap 12350 
JVdel 2295 
HgE 11 2293 
Xca I • Acc I 2244 
fisoAI 2225
375 
Ban II 471 
Ban II 485 
I 562 
»N I 622 
dl I 651 
nine I 651 
» \ Acc I 651
' PshAI712
pBR322 
4361 bp
.Sap I 939 
JVml 972
-BspMI 1063
PJIMI 1315 
:BsmI 1353 
Sty I 1369 
PJIMI 1364 
A v a l 1425 
PpnMI 1480 
MscI 1444 
PpttM I 1480 
Bsyl 1650 
fispMn 1664 
BsaB I 1668
Xmn I 2029 
PvuU 2064 
£sp3I2122  
Drdl 2175 
m i l l  I 2217
Reproduced from New England Biolabs Catalog (1991-1992) 
pBR322 is the basis of many E, coli cloning vectors 
including pKK223-3 used in this study.
Figure A6.8 Plasmid PAT153
Cla I
EcoRI I Hind HI
BomHI
Hindi
40
Pvul
Psfl
1.0
pAT153
3.6kb
30 -Avol
Boll
2.0
deletion of 
Hoe 1 B ond G
Reproduced from Maniatis et ai. (1982). Plasmid pAT153 is 
a deletion derivative of pBR322, as indicated.
Figure A6.9 Plasmid PIMS1020
‘....T.- ..
P I M S 1 0 2
9700
4 ,if
Plasmid pIMS1020 was used as the source of the E, coli 
threonine operon. The 6.4kb BamHI-Hindlll fragment was 
used to generate the radioactive chromosomal DNA probe 
for copy number determination (section 9).
Figure A6.10 Plasmid PMG169
Lambda
857 PR
pAT153
Origin
pSC101
Origin
pMG 169
promoter
CAT p-Iactamase
Figure reproduced from Brown (1990). pMG169 is one of a 
family of "dual origin plasmids". Origins of replication 
for both pSClOl and pAT153 are on the plasmid. At a 
culture temperature of 30®C the pSClOl origin is used and 
the plasmid copy number is approximately 3 to 4 per cell. 
At 37 to 38°C the pAT153 origin is activated and copy 
number is increased. The pAT153 origin is controlled by 
the lambda PR promoter and is repressed by the 
temperature sensitive Clgg? repressor. At 37°C the 
repressor is deactivated enabling expression at the 
pAT153 origin. The resulting high copy number of the 
plasmid leads to high gene expression due to high gene 
dosage. The plasmid product is expressed from the trp 
promoter (in this case CAT) after depletion of tryptophan 
from the medium.
Reproduced with permission of copyright owner. Further reproduction prohibited without permission.
